















The Dissertation Committee for Byung Joon Lim Certifies that this is the approved 
version of the following dissertation: 
 








Jonathan L. Sessler, Co-Supervisor 
Andrew. D. Ellington, Co-Supervisor 













Presented to the Faculty of the Graduate School of  
The University of Texas at Austin 
in Partial Fulfillment  
of the Requirements 
for the Degree of  
 




The University of Texas at Austin 
May 2017 
  
 Isn't it a pleasure to study and practice what you have learned? 




First of all, I would like to thank my co-advisors, Professors Jonathan L. Sessler 
and Andrew D. Ellington. They give me an opportunity to study and great advice on the 
scientific knowledge as well as on attitude as a scientist. I am honored to be a joint student 
under two wonderful supervisors.  
I also would like to thank all members of Sessler and Ellington group members for 
past and present. In particular, I feel grateful to Drs. Bingling Li and Yan du for their 
teaching and advice all about electrochemical analyses. Dr. Gretchen Marie Peters, Aaron 
Lammer, and James Brewster helped me to prepare this dissertation. I also thank to Dr. 
Cheulhee Jung, Dr. Sung Kuk Kim, Dr. Dong Sub Kim, Dr. Yerim Yeon, Dr. Yoo-jin 
Ghang, Juhoon Lee, and Inhong Hwang for their guidance and friendship. I would like to 
give thanks to my collaborators Professor Nanshu Lu and Ruchika Mitbander for their 
effort to design and fabricate new devices.  
Finally, I would like to give special thanks to my better half, Yeonjin and to my 




Synthesis and Application of Electrochemically Active Oligonucleotides 
 
Byung Joon Lim, Ph.D. 
The University of Texas at Austin, 2017 
 
Co-Supervisor: Jonathan L. Sessler 
Co-Supervisor: Andrew D. Ellington 
 
Modified oligonucleotides with redox-active functional groups could emerge as 
attractive tools for sensor development. In principle, changes in oligonucleotide 
hybridization or conformation may be read out as a change in an electrochemical signal. 
Monitoring this signal might allow for a direct interface between biology and electronics. 
This dissertation describes efforts devoted to creating redox active oligonucleotide 
derivatives designed to allow these application goals to be pursued. The focus is primarily 
on the synthesis, characterization, and application of oligonucleotides bearing on of two 
electroactive moieties, namely ferrocene and methylene blue. 
Chapter 1 provides a brief overview of electrochemically modified 
oligonucleotides and is designed to provide an historical perspective. Synthetic 
methodology, fabrication of electrode system, and current applications are introduced. 
Chapter 2 describes the synthesis of a ferrocene-modified oligonucleotide and its use as a 
multiplexing signal probe. Included in this chapter are syntheses of a ferrocene subunit 
bearing alkynes, as well as modified nucleoside phosphoramidites and the oligonucleotide 
syntheses they permit. A synopsis of electrochemical studies are also provided. Chapter 3 
describes a ratiometric electrochemical DNA sensor (a so-called E-Sensor) based on the 
ferrocene-modified oligonucleotide described in Chapter 2 and its used in the detection of 
 vii 
specific genes with greatly improved reproducibility. Oligonucleotide syntheses achieved 
through enzyme ligation, the fabrication of an E-sensor, and the results of electrochemical 
assays are provided in this chapter. Chapter 4 describes the design and fabrication of 
possible wearable devices with the modified electrochemically active oligonucleotides 
toward real diagnostic applications. This work is being done in collaboration with Dr. 
Nanshu Lu’s group in the Dept. of Aerospace Engineering and Engineering Mechanics at 
the University of Texas at Austin. Chapter 5 the details the synthetic procedures, provides 
characterization of all new products, and contains electrochemical analytical data discussed 
in this dissertation.  
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Chapter 1: General Introduction to Electrochemically Active 
Oligonucleotides  
1.1 MODIFIED OLIGONUCLEOTIDES 
1.1.1 Introduction 
Nucleic acids are some of the most important biomolecules in living organisms. 
They are biopolymers consisting of repeating monomers called nucleotide, which include 
a nucleobase, a 5-carbon sugar, and phosphates (Figure 1.1).1-2 Each base is attached at the 
1' position of the sugar via a covalent N-glycosidic bond, while the phosphate serves to link 
the 5' position of one nucleobase-functionalized sugar and the 3' hydroxyl of the next 
nucleotide in sequence as a phosphodiester bond. Two main classes of nucleic acids, 
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), are known; they are 
differentiated by the presence or absence of a 2' hydroxyl group, respectively.  
 
Figure 1.1 Structures of A) DNA and B) RNA.  
DNA plays a pivotal role in biology by storing the genetic information of each and 
every organism. It is composed of four different bases, adenine (A), guanine (G), cytosine 
(C), and thymine (T), and the complementary hydrogen bonding of A-T and G-C forms a 
 2 
special interaction called base pairing (Figure 1.2). Through this base pairing interaction, 
a DNA strand can associate with another strand that has a complementary sequence to form 
a double helical structure. The stability of this structure enables DNA to maintain the 
fidelity of genetic information. RNA is characterized by a few functional and structural 
distinctions compared to DNA. For instance, while DNA is quite robust, RNA is a less 
stable. It is also a more dynamic polymer due to a presence of hydroxyl group at the 2' 
position.3 Additionally, thymine (T) is replaced by its demethylated analogue, uracil (U), 
in RNA. While the main function of RNA is translation of genetic information from DNA 
to a protein as a phenotype, RNA also performs several other functions in cells. Thus, in 
addition to messenger RNA (mRNA), there are other types of RNAs in cells, such as 
transfer RNA (tRNA), ribosomal RNA (rRNA), micro RNA (miRNA). Additionally, some 
viruses store their genetic information in RNA rather than in DNA. Nevertheless, they are 
able to encode functional proteins.1 Inspired by the discovery of this latter function, 
researchers have hypothesized the concept of the “RNA world”, which is predicated on the 
argument that RNA molecules were the precursors of all current biomolecules, such as 
DNAs, RNAs, and proteins. This ground-breaking suggestion challenged the so-called 







Figure 1.2 Four nucleobases and their canonical Watson-Crick base pairing interactions. 
Sugar and phosphate groups are omitted for clarity. 
In addition to their biological roles in organisms, fragments of nucleic acids, or 
oligonucleotides, have features that make them attractive as materials in various fields. 
First, they are easy to synthesize by chemical or enzymatic methods. The details of both 
synthetic routes will be described later. Oligonucleotides are also some of the most easily 
controlled macromolecules in nature. The secondary structure of synthesized 
oligonucleotides can be controlled by varying the number and position of the base pairing 
interactions, which in turn, determines the energy level of the molecules. One example of 
this tuning involves nanoscale self-assemblies called “DNA origami”.5-6 The Rothmund, 
Seeman, and Yin groups designed and shaped various 2-D or even 3-D structures using 
only oligonucleotide sequences (Figure 1.3). Another attractive characteristic of 
oligonucleotide assemblies is the reversible nature of the base pairing. This can be 
exploited to permit a variety of strand displacement and amplification reactions.7-9 The 
addition of an oligonucleotide strand can perturb the equilibrium of a system and induce 
further conformational change resulting from the displacement of the previous strand and 
a formation of the new assembly (Figure 1.4). These reactions have been applied in myriad 
of studies for signal detection and amplifications. Finally, some oligonucleotides show 
distinct affinity to specific targets, such as molecular receptors or antibodies.10-11 These 
oligonucleotides, called aptamers, are typically obtained via the systematic evolution of 
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ligands by exponential enrichment (SELEX). To date, they have been used in the detection 
of a number of molecules, large and small.12  
 
 
Figure 1.3 A) 2-D and B) 3-D DNA origami. Adapted from refs. 5 and 6. 
 
 
Figure 1.4 Strand displacement of a DNA complex. Complex L is thermodynamically 
more stable than complex S because it allows for a greater number of base 
pairing interactions.   
Natural oligonucleotides without any modification have many limitations in terms 
of their applications-related utility. In particular, the lack of specific functional groups on 
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the oligonucleotides causes difficulties in terms detection, both of the oligonucleotides 
themselves and of any target molecule. It also makes it difficult to connect the 
oligonucleotides in question to other molecules or supports.  
Typically, oligonucleotides are detected using UV spectroscopy by measuring the 
absorbance at 260 nm, a wavelength that corresponds to an absorption feature associated 
with the aromatic nucleobases.1, 13 Since many aromatic compounds absorb at 260 nm, this 
method is limited to studying only pure oligonucleotide solutions. Furthermore, as all the 
nucleobases absorb in this region, UV spectroscopy typically does not allow the base 
composition or order of the oligonucleotide to be determined.  
To overcome the above deficiencies, various modifications have been made to 
oligonucleotides.14-17 These modifications are categorized according to the position of the 
modification. First, nucleobase modification is a well-known method to add specific 
functional groups to the oligonucleotide (Figure 1.5). Various linkers have been used to 
add additional conjugation, attach fluorophores, or tether electrochemical probes or other 
functional motifs to oligonucleotides.17-18 Since the nucleobases are essential components 
for base pairing and a key to maintaining the secondary conformation of oligonucleotides, 
only a limited number of the positions on the bases may be modified without loss of 
function. At present, it is known that substitution at the C5 position of pyrimidines and the 
N7 or C8 positions of purines does not affect substantially the double helical structure of 
the resulting DNA.16, 19 Base modification has the advantage of site-specificity, because 
the position of modification is controlled by chemical synthesis. Recently, the Benner and 
Romesburg groups individually synthesized oligonucleotides containing new nucleobase 
analogues called “unnatural base pairs”, which have orthogonal interactions analogous to 
A-T and G-C base pairs (Figure 1.6).20-22 These studies served to demonstrate the potential 
of an expanded genetic coding system which uses six bases rather than four. 
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Figure 1.5 A) Positions for possible modification of nucleobases and B) specific 
examples. Sugar and phosphate groups are omitted for clarity. 
 
 
Figure 1.6 Unnatural base pairs. The base pairing is based on hydrogen bonding (A and 
B)20 or hydrophobic interactions (C and D).21-22 Sugar and phosphate groups 
are omitted for clarity.  
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 The 5-membered ribose ring is also a candidate for modification. The 2' hydroxyl 
group on RNA can be easily modified by substitution reactions while exploiting reactivity 
differences relative to other hydroxyl groups on the ribose.16, 23-27 This modification not 
only permits the attachment of new functional groups, it also increases the stability of the 
RNA against hydrolysis and cleavage of the phosphodiester backbone.26-27 Recently, 
researchers, including the Eschenmoser and Imanishi groups, developed modified 
oligonucleotides, so-called xeno nucleic acid (XNA) (Figure 1.7), which include non-
ribose sugar backbones.28-31 These new modified oligonucleotides showed highly 
improved stability under physiological conditions due to resistance against nucleases.28 
Thus, they have been widely used in clinical applications.32-34  
 
 
Figure 1.7 Structures of several XNAs. A) Therose nucleic acid (TNA),28 B) locked 
nucleic acid,29 C) glycol nucleic acid,30 D) cyclohexene nucleic acid 
(CeNA),31 and DNA (in the box).  
Finally, modification of the phosphodiester backbones is also possible. Typically, 
backbone modification is carried out to strengthen the oligonucleotide structure and protect 
it from enzymatic or nucleophilic attack.16 The most common examples involve the use of 
phosphorothioate bonds, a change that provides resistance against nucleases (Figure 
1.8A).35-36 It is also known that this modified backbone destabilizes hybridization 
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complexes formed by interactions with oligonucleotides having natural phosphodiester 
backbones.37 Therefore, such modifications are often used in nucleic acid amplification 
where it is useful to perturb the hybridization energy.38  
Another example of backbone modification is peptide nucleic acid (PNA) (Figure 
1.8B). This class of oligonucleotide is composed of recurring units of amino acids rather 
than ribose and phosphate backbones.39-40 PNA is synthesized easily by well-established 
peptide synthetic methods; however, except for its base pairing function, its chemical and 
physical properties are distinct from those of natural oligonucleotides.41-42 
 
 
Figure 1.8 Structures of A) phosphorothioate bonded oligonucleotide, B) PNA, and DNA 
(in the box).  
1.1.2 Chemical synthesis of modified oligonucleotides 
Including modified oligonucleotides, most nucleic acids are synthesized by two 
major methods: chemical synthesis and enzymatic synthesis. Of these, chemical syntheses 
have many advantages for oligonucleotide modification: 1) the sequence and length of 
oligonucleotide can be easily controlled; 2) point modifications are straightforward on 
certain bases; 3) template oligonucleotides and primers are not required; and 4) the 
synthesis may often be performed in an automated synthesizer. On the other hand, 
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modifications are limited to functional groups that are robust enough to endure the harsh 
reaction condition in each step of the synthesis, and the efficiency of the reaction is lower 
than analogous enzymatic reactions, especially for long oligonucleotides. For these 
reasons, relatively short oligonucleotides (up to 200 base pairs) are usually synthesized by 
chemical means.16, 43 Most unnatural bases and backbones are incorporated into the 
oligonucleotide using chemical approaches, unless orthogonal polymerases for the bases 
are not developed yet.34 Non-base or non-sugar functional groups, as well as modified 
nucleotides, can also be incorporated into the sequence, a modification that provides a great 
deal of diversity in the resulting  oligonucleotides. For example, linkers, fluorophores, 
and even branches that serve to link multiple strands may be inserted into the 
oligonucleotide chains (Figure 1.9).44  
 
 
Figure 1.9 Chemical modification of nucleotides with non-base or non-sugar functional 
groups, such as A) alkyne for click chemistry, B) amine for amide coupling, 
C) bipicoline for metal chelation, D) biotin for labeling, E) fluorescein for 
fluorescent labeling, and F) cross-linking branching elements.  
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The chemical synthesis of oligonucleotides was first reported by Alexander Todd’s 
group in the early of 1950s.45 This group synthesized oligonucleotides using intermediates 
called H-phosphonate and phosphate triesters. Since the methods was first developed, 
many other approaches were attempted, including those based on phosphodiesters,46 
phosphotriesters,47 and phosphite triesters.48 Today phosphoramidate methods remain the 
most commonly used.49  
The building blocks required for the 
phosphoramidite-based involves, as the name 
implies, a nucleoside phosphoramidite (Figure 
1.10). Using these intermediates 
oligonucleotides are synthesized on a solid-phase 
setup in accord with standard automated 
procedures. The 5' hydroxyl groups are protected 
with 4,4'-dimethoxytrityl (DMT) groups and the 
hydroxyl groups on the 3' position are activated 
in the form of a 2-cyanoethyl-N,N-diisopropyl 
phosphoramidite.16 This latter reactive 
phosphoramidite group is prone to attack by 
nucleophiles. Due to the position of the 
protecting and activating groups, the direction of the synthesis is 3' to 5', i.e., the reverse 
of enzymatic synthesis. The first base incorporated during synthesis is attached to a solid-
phase support with an ester linker and cleaved in the final step. The detailed synthetic cycle 
of a deoxyoligonucleotide is described in the following paragraph and shown in Scheme 
1.1.  
Figure 1.10 Nucleoside 
phosphoramidite. 5' 
hydroxyl group is 
protected by DMT group 





Scheme 1.1 Summary of the phosphoramidate-based synthetic cycle used to prepare 
oligonucleotides.  
First, the DMT protection group on 5' is ‘de-blocked’ to expose a nucleophilic 
hydroxyl group on the terminal nucleotide. Weak acids, such as dilute solutions of 
trichloroacetic acid (TCA) or dichloroacetic acid (DCA), are widely used to effect this 
deprotection. A nucleoside phosphoramidite is then added under anhydrous conditions, 
which couples with the exposed hydroxyl group. The diisopropylamine moiety on the 
phosphorous adds to the 5' hydroxyl group to form a phosphite ester. After the coupling 
reaction, any unreacted free hydroxyl groups are capped by treatment with acetic anhydride 
and 1-methylimidazole to prevent further elongations. Finally, an aqueous iodine solution 
is added. This oxidizes the phosphite ester to the natural and more stable phosphate ester, 
which completes the synthetic cycle.  
After the solid-phase synthesis of the oligonucleotide is complete, the solid support 
is treated with a strongly basic solution, such as 40% aqueous sodium hydroxide. This basic 
treatment leads to cleavage from the solid support, as well as deprotection of the 2-
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cyanoethyl group on the phosphate and various other protecting groups on the nucleobases 
(Scheme 1.2). This liberates the target oligonucleotide containing native phosphodiester 
linkages and in a form suitable for hybridization via base-pairing.  
 
 
Scheme 1.2 Cleavage of nucleotides from solid supports after the solid-phase synthesis 
with concomitant deprotection of A) the cyanoethyl group on the 
phosphate ester and B) other protecting groups present on the 
nucleobases. 
The chemical synthesis of RNA is almost identical to that of DNA. However, 
additional protection of the 2' hydroxyl group is required (Figure 1.11) so as to inhibit its 
reaction as a nucleophile during the synthesis. Silyl protection groups, such as t-
butyldimethylsilyl (TBDMS)50 or tri-isopropylsilyloxymethyl (TOM),51 are generally 
used. They are deprotected by treatment with fluoride solutions after the synthesis.  
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Figure 1.11 2'-O-Protected nucleotide phosphoramdite for RNA synthesis.  
1.1.3 Enzymatic synthesis of modified oligonucleotides 
All natural oligonucleotides found in 
living organisms are synthesized by enzymes. 
One key class of enzymes involved in these 
syntheses are polymerases. These enzymes 
synthesize DNA or RNA polymers using a 
complementary sequence of the target 
oligonucleotide as a template. There are three 
main classes of polymerase: DNA polymerase 
(from DNA to DNA), RNA polymerase (from 
DNA to RNA), and reverse transcriptase (from 
RNA to DNA). They commonly need a 
complementary sequence as a template and consume nucleotide triphosphates or 
deoxynucleotide triphosphates (NTPs or dNTPs) (Figure 1.12) as building blocks for the 
synthesis. Thus, the direction of polymerization is from the 5' to 3' positions of the ribose 
in accord with the nature of the nucleophile (3' hydroxyl) and leaving group (pyrophosphate 
Figure 1.12 Nucleotide triphosphate 
(NTP and dNTP) 
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on a 5' hydroxyl). DNA polymerases and reverse transcriptases additionally require small 
fragments of oligonucleotides called primers to initiate the polymerization.1, 3 
In principle, modified oligonucleotides can be obtained by enzymatic methods. In 
this case, the requisite modified nucleotide triphosphates must be prepared prior to 
initiating the enzymatic synthesis.17, 52-53 One key issue associated the enzymatic method 
is the compatibility of the modified substrate with polymerases. As mentioned earlier, 
functional groups attached to the C5 position of pyrimidines and the N7 or C8 positions of 
purines are relatively compatible with DNA polymerases. One of the most common 
applications of enzymatic modified oligonucleotide synthesis is the Sanger DNA 
sequencing method. Recognizing dideoxynucleotides (ddNTPs) modified with four-
colored fluorophores as terminating building blocks (Figure 1.12), DNA polymerase 
synthesizes a series of terminated fragment sequences that have different fluorescence 
according to the terminating group.54-55  
Unlike simple base modification, unnatural bases and XNAs are not compatible to 
natural polymerases. Therefore, researchers have developed artificial polymerases by 
direct evolution and protein engineering of enzymes. For example, Romesberg’s group 
designed a DNA polymerase that duplicates an oligonucleotide sequence with three base 
pairs including an artificial one they invented.56 Polymerases for locked nucleic acids 




Figure 1.13 The Sanger DNA sequencing method. A) A primer is hybridized with the 
target sequence. B) DNA polymerase, dNTPs, fluorophore-labeled dideoxy-
nucleotides (ddNTPs) are mixed. The random insertion of a ddNTP 
terminates synthesis of the polymerized chain. Each sequence is 
characterized by the fluorescence of the terminal ddNTP. (3) The products 
are separated on the basis of length by capillary gel chromatography and the 
fluorescence from each sequence is determined. (4) The sequence is then 
constructed using a computational program. This figure was adapted from 
ref. 59 with modifications being made by the author.59 
The main advantage of the enzymatic modified oligonucleotide synthesis is the 
outstanding efficiency. Compared to chemical syntheses, the natural enzyme systems 
enable the production of far longer nucleic acids sequences and with much higher fidelity.1 
Furthermore, when enzymes are used it is not necessary to carry out sequences involving 
what are inherently complex synthetic steps. However, under enzymatic conditions 
modifications at a specific point are almost impossible to achieve. This is because 
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polymerases recognize both modified and unmodified NTPs or dNTPs as a substrate. It is 
also hard to pause the polymerization to complete the reaction so as to introduce selective 
modifications in the middle of the sequence.  
1.1.4 Post-synthetic modification 
In addition to modifying an oligonucleotide via dedicated synthesis, alterations can 
also be made after the synthesis.16, 60 As mentioned above, chemical or enzymatic syntheses 
of modified oligonucleotides are limited to functional groups that are compatible with each 
synthetic method. On the other hand, post-synthetic modifications allow for the attachment 
of more diverse set of functional groups. Figure 1.14 shows numerous examples of linker-
bearing oligonucleotides that allow for post-synthetic modifications. 
 
 
Figure 1.14 Examples of chemically or enzymatically synthesized modified 
oligonucleotides for further post-synthetic modifications. Each molecule has 
a linker for bio-conjugation on A) the 5' end, B) the 3' end, C) at an internal 
nucleobase, and D) an internal backbone site of oligonucleotides.  
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For post-synthetic modification, it is convenient to use oligonucleotide targets that 
have specific functional groups that allow for conjugation. These functional groups are 
used as components for covalent linking reactions called bio-conjugations (Scheme 1.3).61-
62 The most common reaction is an amide coupling reaction, which connects an amine 
group on an oligonucleotide to an activated-carboxylic acid, such as N-
hydroxysuccinimide ester (NHS-ester) on the modifying molecule.16, 61 Azide-alkyne 
Huisgen cycloaddition, also referred to as a copper(I)-catalyzed azide-alkyne cycloaddition 
(CuAAC), is another common conjugation reaction.62 Azide and alkyne species are rarely 
found in nature, so this reaction is widely used as a bio-orthogonal conjugation in vitro and 
in vivo. Thiols and ,-unsaturated carbonyl compounds can also be introduced and linked 
via Michael addition reactions. For synthetic convenience, these couplings are generally 
carried out using oligonucleotides containing a thiol and a modifying target containing a 
maleimide unit.63 Thiols on oligonucleotides are also utilized in the modification of metal 





Scheme 1.3 Representative bio-conjugation reactions involving oligonucleotides. A) 
Amide coupling reaction between an amino-functionalized 
oligonucleotide and an NHS-activated functional molecule. B) Click 
reaction between an alkyne-oligo and an azide-bearing molecule. C) 
Michael addition reaction between a thiol-oligonucleotide and 
maleimide-molecule.  
Since a proper linker is required to permit post-synthetic conjugation chemistry, the 
underlying modification is commonly performed on the 3', 5', or nucleobase positions of 
the oligonucleotide. These positions are easy to functionalize with various linkers. On the 
other hand, linkers are not commonly attached to either the sugar or phosphate backbones 
because these positions affect the structure and function of the oligonucleotide.14, 16 
Enzymatic modification of previously synthesized oligonucleotides is also possible 
(Figure 1.15). Polynucleotide kinases phosphorylate the 5' hydroxyl group of 
oligonucleotides.66 For instance, by using ATP composed of 32P-containing phosphates, 
oligonucleotides can be radioactively labeled by treating with this enzyme. On the other 
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hand, some phosphatases, such as alkaline phosphatase, hydrolyze the terminal phosphate 
group to a free hydroxyl group.67 Another set of enzymes used for post-synthetic 
modification are the DNA ligases. These enzymes connect two pieces of DNA with the 
guidance of a complementary template.68 Using these enzymes, modified oligonucleotides 
can be attached to other unmodified or modified oligonucleotides. Lastly, polymerases can 
be genetically engineered to incorporate linker-containing nucleobases directly into 
oligonucleotides, which in turn permits further conjugation to other molecules. 69-70  
 
 
Scheme 1.4 Enzymatic modification of oligonucleotides using A) polynucleotide kinase 
and phosphatase, as well B) DNA ligase.  
 
1.2 ELECTROCHEMICALLY ACTIVE OLIGONUCLEOTIDES AS SENSING TOOLS 
1.2.1 Introduction 
Oligonucleotides have many advantages for sensing applications compared to other 
organic or inorganic materials. In particular, oligonucleotides are the most efficient 
molecules for the detection of a specific DNA sequence, which is one of the most important 
targets in molecular biology.71-72 Numerous methodologies have been reported for 
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detecting the hybridization of oligonucleotides on the basis of radioactivity,73 
fluorescence,71, 74 surface plasmon resonance (SPR),75 nanoparticle aggregation,76 
electronics,77 and electrochemical readouts. 
Among the diverse signal outputs, electrochemical sensing provides remarkable 
sensitivity and selectivity.78 Furthermore, this technique is much less expensive than other 
methods.79-80 These advantages are critical for miniaturizing the sensing system for in vitro 
or in vivo diagnostics, especially for point-of-care (POC) diagnostics.81 With this goal in 
mind, many groups have synthesized electroactive oligonucleotides and have utilized them 
for genetic sensing as well as macromolecule detection. 
Natural oligonucleotides present no additional functional groups. Moreover, they 
undergo irreversible oxidation at relatively high positive potentials. In 1988, the Palecek 
group reported that purines on oligonucleotides can be directly oxidized 
electrochemically.82 However, this direct oxidation occurs only if the oligonucleotides are 
thoroughly immobilized or adsorbed on the electrodes for easy electron transfer. To 
overcome this limitation, the Thorp group developed an electrocatalytic system using 
tris(bipyridine)ruthenium(II) (Ru(bpy)3
2+) as a mediator; this permits the oxidation of 
guanine units within oligonucleotides (Figure 1.15).83 The organometallic ruthenium 
species transfers electrons from the electrode to the guanine by diffusion. Adopting this 
system, Marchal’s group developed a system capable of effecting the electrochemical real-
time monitoring of polymerase chain reactions (real-time PCR).84  
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Figure 1.15 A) Electrocatalytic oxidation of an oligonucleotide with Ru(bpy)3
2+ as a 
redox mediator. If this scenario, the Ru(bpy)3
3+ is reduced to Ru(bpy)3
2+ by 
guanines and regenerated by the electrode. B) Electron transfer to the 
electrode is measured as a change in the current signal. The elements in this 
figure were adapted from refs. 79 and 83, respectively. 
Unfortunately, both direct and indirect electron transfer from nucleobases is subject 
to many limitations when utilized in more complex sensing systems. Firstly, such electron 
transfer processes provide only quantitative information regarding the number of 
oligonucleotides and no details about the identity or organization of the nucleobases within 
an oligonucleotide. Secondly, the approach is limited in that it is not sensitive enough to 
detect small amount of targets.79 To overcome these limitations, most oligonucleotide-
based sensing systems use other electrochemically active molecules, such as redox-active 
small molecules, enzymes, nanoparticles, or nanostructured carbons (i.e., carbon nanotube 
or graphene) as adjuvants.79, 85-86 This dissertation will be limited to the use of specific 
redox-active small molecules. 
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1.2.2 Redox-active functional groups 
There are several redox-active functional groups reported as electrochemical tags 
for the modification of oligonucleotides.87 The most common molecular tags are ferrocene 
and methylene blue.  
1.2.2.1 Ferrocene 
Ferrocene (Fc) is an orange-colored organometallic compound composed of two 
cyclopentadienyl rings (Cp) and a Fe(II) ion at the middle of the two rings (Scheme 1.5).88-
89 The total charge of the molecule is zero due to the sum of the two negative charges from 
the Cp rings and the divalent Fe2+ cation. This sandwich structure stabilizes the whole 
molecule because both the 4n +2 Hückel aromaticity and 18-electron rules for transition 
metal complex are satisfied.88, 90  
 
Scheme 1.5 Redox conversion between ferrocene (left) and the ferrocenium ion (right). 
The standard reduction potential of the ferrocenium ion is 0.64 V (vs. 
SHE).   
The reactivity of the Cp ring in ferrocene is similar to that of typical aromatic 
compounds. It is relatively stable under most chemical conditions. However, this subunit 
is reactive under electrophilic aromatic substitution (EAS) conditions, including those 
associated with Friedel-Craft acylation91-93 or Vilsmeier–Haack formylation94 (Scheme 
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1.6). One exception to this is nitration. This is because the electrophilic nitronium ion 
(NO2+) oxidizes the ferrocene to the corresponding ferrocenium ion.95 Lithiation of 
ferrocene with t-butyllithium produces a stronger ferrocene nucleophile, FcLi.96-97 This 
precursor can be converted to halogenated,98 alkylated,99 or other hetero-atom linked 
ferrocene100-102 derivatives by nucleophilic reactions.  
 
 
Scheme 1.6 Synthesis of ferrocene derivatives. 
Another salient feature of ferrocene is its electrochemical activity. It undergoes 
reversible one-electron transfer, an effect ascribed to the two Cp rings stabilizing the 
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oxidized Fe(III) center through charge distribution.103-104 The relatively stable ferrocenium 
(Fc+) ion is deep blue in color and is easily reduced back to the ferrocene form. This occurs 
reversibly. The redox potential (E01/2) of Fc
+/Fc is around 0.64 V vs. SHE.  
Because it undergoes reversible electron transfer, ferrocene is frequently used as an 
electrochemical marker in a range of chemical constructs. It is also used as a reference in 
electrochemical assays.105 Often reference electrodes in non-aqueous solutions are 
calibrated relative to the ferrocene/ferrocenium couple, which is used as an internal 
standard.  
Ferrocene is also used as a redox-mediator in a large number of electrochemical 
reactions. In particular, heterogeneous interfaces between an electron donor and acceptor 
require reversible Fc/Fc+ couples to transfer the electron by diffusion.106 For instance, 
glucose sensors use a ferrocene/ferrocenium redox couple to transfer an electron from 
glucose oxidase to the electrodes (Figure 1.16).107-109 Since the active site of glucose 
oxidase is hindered by bulky and insulating side chains, direct electron transfer to a 
conventional electrode is not facile. Having ferrocene in solution or in the assembled layer 
with the enzymes helps transfer an electron to and from the electrode. This amount of 
electron transfer is proportional to the amount of glucose in solution. Ferrocene has also 
been used to create solar cells; it helps transfer high energy electrons from an activated 





Figure 1.16 A) Schematic overview of the electrocatalytic oxidation of glucose by 
glucose oxidase (GOx) using ferrocene as a redox mediator. Glucose is 
oxidized by GOx and the electrons from the glucose are transferred to the 
electrode via a FAD (co-factor) with the assistance of ferrocene, which acts 
as a redox mediator. The electron transfer is measured by amperometry. 
Adapted from ref. 109. B) Schematic illustration of the assembled layer of 
GOx (in the red circle) and ferrocene embedded within a polymer matrix 
(highlighted by a blue circle) on a gold electrode. The sulfate-thiol on the 
gold electrode (contained within a green circle, negatively charged), 
ferrocene polymer (ferrocenium form, positively charged), and GOx 
(negatively charged) are assembled as the layer through simple electrostatic 
interactions. This part of this figure was adapted from ref. 108. 
Finally, ferrocene derivatives form supramolecular complexes with various organic 
host molecules in aqueous solution. The ferrocene derivatives are typically bound within 
the hydrophobic binding sites of the encapsulating host molecule, an effect driven 
presumably by a need to avoid exposure to bulk water molecules.  The best studied 
ferrocene hosts are -cyclodextrin (-CD)104, 112 and cucurbit[7]uril (CB[7]). 113 (Figure 
1.17). Both molecules contain a hydrophobic cavity and a hydrophilic boundary that is 
solvated in aqueous solution. A key feature of the resulting -CD-Fc complex is its redox 
responsive features.112, 114 Once a ferrocene is oxidized to a ferrocenium ion, it is expelled 
from the cavity due electrostatic repulsion. Exploiting this property, researchers developed 
 26 




Figure 1.17 A) Structure of -Cyclodextrin (left) and cucurbit[7]uril (CB7, right). B) 
Supramolecular complex of CB7 and Fc. Adapted from ref. 118. 
1.2.2.2 Methylene blue  
Methylene blue (MB) is a phenothiazine derivative with two dimethylamino groups 
on each side of the annulated benzene rings (Scheme 1.7). It is deep blue in solution as its 
name evokes. The molecule has a positive charge that is distributed over both 
dimethylamino groups and the phenothiazine nitrogen. MB accepts two electrons to form 
the reduced neutral form called leukomethylene blue (LB).119 When MB is reduced to LB, 
the color of the solution changes from blue to colorless.   
 
 
Scheme 1.7 Methylene blue (left) and leukomethylene blue (right). The standard 
reduction potential of methylene blue is 0.01 V (vs. SHE). 
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MB is synthesized by reacting dimethyl-4-phenylenediamine and hydrogen sulfide 
in hydrochloric acid and subsequently oxidizing with ferric chloride (Scheme 1.8A).120 
Since the two dimethylamino groups are already present in the precursors before the 
phenothiazine ring is formed, MB is difficult to modify with other functional groups under 
the standard conditions associated with its direct synthesis. For this reason, asymmetric 
MB derivatives are typically synthesized using other synthetic routes (Scheme 1.8B).121-122 
For instance, the starting phenothiazine may first be oxidized by treating with iodine. Then, 
a secondary amine can be used to attack the 3-position; this gives a mono-substituted 
phenothiazine via nucleophilic aromatic substitution. After isolation from the starting 
material and the di-substituted byproduct, the mono-substituted intermediate can be reacted 
with another amine nucleophile to produce an asymmetric MB. Using this method, various 
MB derivatives can be prepared, including an N-hydroxysuccinimide-activated MB (NHS-
MB).123 Thionine can also be converted into MB analogues by monoalkylation of an aniline 
nitrogen. However, the syntheses are typically inefficient and the resulting products display 





Scheme 1.8 Synthesis of A) MB, B) its derivatives, and C) mono-substituted thionines. 
MB is used in a number of chemical applications. First, it is one of the better studied 
redox indicators.78 When exposed to reducing species in solution, MB undergoes a distinct 
color change from deep blue to colorless. One example is the so-called “blue bottle” 
experiment commonly used in classic general chemistry demonstrations. Here, MB reacts 
with sugar and serves as a probe for the redox reaction that occurs when these two species 
react with one another (Figure 1.18).124 Second, MB generates singlet oxygen species when 
exposed to oxygen and light. It thus acts as a photosensitizer.125 The singlet oxygen 
produced in this way may be used in photodynamic therapy, the synthesis of organic 




Figure 1.18 A) Mechanism of the blue bottle reaction and B) photograph of the color 
change before, 3 min, 3.3 min and 4.3 min of the experiment, respectively. 
Adapted from ref. 124. 
 MB has also seen widespread use in the areas of biochemistry and medical sciences. 
Its flat structure and strong absorbance in the visible region allows it to stain tissues for 
endoscopies and surgeries.128-129 Moreover, the combination of MB and light has led to it 
being exploited as a treatment for several diseases. On the other hand, it has been proposed 
that MB may cause DNA damage in cells. 130-131 
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1.2.3 Applications 
1.2.3.1 Covalently modified electroactive oligonucleotide 
As mentioned earlier, a major application for electrochemically active modified 
oligonucleotides is the detection of specific target molecules, particularly sequences of 
nucleic acids. Hybridization between the modified oligonucleotide and the target sequence 
can lead to a huge conformational change. In the case of electrochemically active modified 
oligonucleotides this change in conformation can produce a modulated electrochemical 
output.  
Ferrocene has been used for some time as an electrochemical tag in the context of 
preparing covalently modified oligonucleotides for sensing applications. In 1997, the 
Maeda group reported the first genetic sensing system with a ferrocene-modified 
oligonucleotide (Figure 1.19).132 They attached a ferrocene subunit to the 5' position of an 
oligonucleotide using a post-synthetic modification strategy involving amide coupling. In 
this study, the target oligonucleotide has a sequence that is partially complementary to both 
that of the ferrocene-bearing oligonucleotide probe and an immobilized strand of DNA 
attached to a gold electrode. When the target sequence is added to the solution 
hybridization takes place between all three oligonucleotide fragments. As a result, the 
ferrocene tag is brought into the vicinity of the electrode surface. This permits enhanced 
electronic communication between the electrode surface and the ferrocene probe thus 




Figure 1.19 The first genetic sensing system involving an electrochemically active 
oligonucleotide as reported by Maeda’s group in 1997. Shown in A) is the 
oligonucleotide used in the study, whereas B) shows the genetic sensing 
scheme. Adapted from ref. 132. 
Systems now known as electrochemical DNA sensors, or E-DNA sensors for short, 
represent modifications of an approach introduced by Plaxco’s group in 2003 (Figure 
1.20).80 These researchers synthesized by chemical means a stem-loop-structured DNA 
with a hexyl thiol at the 5' end and a ferrocene moiety at the 3' end. Both chemical 
functionalities were added via post-synthetic modification. This functionalized 
oligonucleotide was then immobilized on a gold electrode surface through thiol-gold 
interactions, which was then treated with 6-mercaptohexanols to form a monolayer 
interface. When a complementary sequence to the stem region present in the functionalized 
oligonucleotide is added, break up the hairpin structure occurs. This leads to reduction in 
the current as a consequence of the ferrocene tag having moved away from the electrode. 
The original Plaxco system displayed good sensitivity and could be reused without having 
to add any additional reagents. In recent studies, the Plaxco group has used MB rather than 
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ferrocene as the electrochemical tag their E-DNA sensors. They found that MB gave rise 
to improved stability and markedly better reusability in aqueous media.133-134 Nevertheless, 
ferrocene remains widely used and can be found in a variety of electroactive modified 
oligonucleotides; likely, this reflects its synthetic versatility.135-136 
 
 
Figure 1.20 The first E-DNA sensor as reported by Plaxco et al. A) Schematic 
representation of the sensor. B) Plot of the current decrease seen upon 
addition of an appropriately chosen target sequence. Adapted from ref. 80. 
The combination of DNA amplification techniques and electrochemical detection 
can give rise to useful tools for genetic sensing. For example, the Ellington group designed 
a catalytic chain reaction (CHR) system that relies on a MB-based signal as the output 
(Figure 1.21).137 In the presence of a catalytic sequence C1, any H1-E:H2 complex that 
forms becomes amplified by CHR. This causes the terminal MB to approach the electrode 
due to the hybridization between the complex and the surface-immobilized sequence S1 
producing a change in the electrochemical signature. This system showed detection limits 
as low as 10 pM for the target sequence (C1).  
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Figure 1.21 Electrochemical detection based on use of CHR. A) The requisite catalytic 
amplification is initiated by the addition of C1. The resulting assembled 
construct, H1-E-H2, the binds to an electrode as the result of hybridization 
to the immobilized sequence S. B) The current signal is increased after the 
addition of the target for the amplification while C) the signal intensity 
varies with different concentrations of C1. Adapted from ref. 137. 
Hsing’s group also developed a real-time PCR with a ferrocene modified thymidine 
triphosphate (TTP) as the monomer for use in the polymerase reaction.138 They found the 
ferrocene-derived electrochemical signal gradually increases as the number of recurring 





Figure 1.22 Electrochemical real-time PCR. A) Surface-immobilized primers are 
elongated with Fc-incorporated thymidine, which increase the 
electrochemical signal. B) The signal increases with each reaction cycle 
with the template sequence (red) but not in its absence (black). Adapted 
from ref. 138. 
Another example of nucleic acid hybridization detection involves utilizes the -
CD-Fc interactions for sensing. Tao’s group synthesized an oligonucleotide modified with 
a -CD and a Fc at each terminus to induce the formation of an intramolecular 
supramolecular complex (Figure 1.23).139 Addition of the complementary sequence of the 
oligonucleotide dissociates the complex and exposes the ferrocene to the solution to 




Figure 1.23 Genetic sensing using the Fc-CD interaction. A) Structure of the molecule. 
B) Scheme of the system. The exposure of the ferrocene out of the CD 
gives increased electrochemical signal. Adapted from ref. 139. 
Electrochemically active oligonucleotides also can be applied to small molecule 
and macromolecule detection. Attachment of redox-active tag to the aptamer for the targets 
is necessary, just as in genetic sensing. In 2005, the Plaxco group, who invented the E-
DNA sensors, also developed an electrochemical aptamer-based sensor, so-called E-AB 
sensor, in order to detect thrombin in blood serum (Figure 1.24A).140 The conformational 
change of aptamer was induced upon binding with thrombin, resulting in a change in 
distance between MB and the electrode. Small molecule aptamers have been applied in the 
same manner. Cocaine (Figure 1.24B),141 doxorubicin,142 and aminoglycoside species 
detection143 has been reported with MB functionalized E-AB sensors. In particular, the Soh 
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group developed a real-time detection system for doxorubicin and kanamycin using 
microfluidic techniques and a continuous diffusion filter to monitor the circulating drugs 
in the blood stream of living animals (Figure 1.25).142 
 
Figure 1.24 A) Thrombin (signal-off) and B) cocaine (signal-on) E-AB sensors. Adapted 
from ref 140 and 141.  
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Figure 1.25 Real-time measurement of specific molecules in blood by Soh’s group. (A) 
Sampling of blood by microfluidic techniques. (B) The E-AB sensor used in 
the study. (C) The continuous-flow diffusion filter (CDF) for filtering and 
detection of the target molecule. (D) Monitoring of the target concentration 
through either a signal-on (red) or a signal-off (blue) approach. Adapted 
from ref. 142. 
1.2.3.2 Electrochemically active oligonucleotide with intercalating probes 
Electrochemically active oligonucleotides can be constructed not only by covalent 
modification, but also through non-covalent interactions between oligonucleotides and 
redox-active small molecules. Most commonly, these non-covalent interactions arise from 
the intercalation of the small molecule into oligonucleotide.144-145 These intercalation 
interactions are promoted and stabilized by - interactions between the intercalated, 
aromatic small molecules and the nucleobases. Most of the redox active small molecules 
used in this capacity are planar. This allows them to fit into the gap between two adjacent 
base pairs. Thus, the intercalators are easily embedded in double helix dsDNAs, but bind 
less tightly or not at all with single stranded DNAs (ssDNAs). These features are similar 
to those of fluorescent dyes selective for dsDNAs and the nucleus, such as ethidium 
bromide146 and Hoechst dyes (Figure 1.26).147 In addition to acting as stains, many 
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Figure 1.26 A) Ethidium bromide and B) Hoechst 33342 dye.  
MB is also a good intercalator due to its planar and aromatic structure, as well as 
its favorable electrostatic interactions with the negatively charged phosphate backbones.148 
Barton’s group reported the combination of MB with dsDNA showed an electrochemical 
current upon hybridization on the surface of the electrode in 1997 (Figure 1.27).149 
Likewise, researchers reported anthraquinone species150 and Ir(III) organometallic 




Figure 1.27 A) Schematic illustration of the intercalation of MB (black bars) on an 
electrode-immobilized oligonucleotide. B) Increased electrochemical signals 
elicited by concentration increase. Adapted from ref. 149. 
In later studies, it was shown that mismatched DNA or single nucleotide 
polymorphism (SNP) can be monitored with intercalators. For example, Barton’s group 
amplified the MB signal with an electrocatalytic reaction using potassium cyanide 
(K3Fe(CN)6) as a mediator to detect a single mismatched oligonucleotide (Figure 1.28).
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Hvastkovs’ group also developed electrochemically active diviologen derivatives for SNP 





Figure 1.28 Electrocatalytic detection of mismatched oligonucleotide with MB (as a 
signal probe) and Fe(CN)6
3- (as a redox mediator). Electron transfer from 
electrode to Fe(CN)6
3- is blocked by mismatched base-pairing. As a result, 
the signal from MB is decreased. Adapted from ref. 79. 
 
 
Figure 1.29 Electrochemically active diviologen compound developed by Hvastkov’s 
group. 
 
1.3 SUMMARY AND OUTLINE 
 In this chapter, the author provides a brief introduction to oligonucleotides for 
sensing applications. Oligonucleotides, including DNAs and RNAs, have potential as the 
building blocks for the creation of electrochemical sensing platforms, especially when they 
are modified with proper functional groups. The goal in this summary was to introduce the 
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structural components of oligonucleotides and describe how nucleobases, riboses, and 
phosphodiester backbones can be modified. Approaches to creating modified systems has 
been organized into three categories: chemical synthesis, enzymatic synthesis, and post-
synthetic modification. Detailed pros and cons of each method were also discussed. A brief 
summary of electrochemically active oligonucleotides in terms of modifications and 
resulting applications was also included in this chapter. Additionally, the applications and 
inherent limitations of electrochemical reactions of unmodified oligonucleotides were 
reviewed. Subsequently, the two major electrochemically active small molecule probes 
(ferrocene and MB) were discussed in the context of their chemical properties and practical 
applications. Modified oligonucleotides using these probes were then applied in myriad 
studies of electrochemical sensing applications. Lastly, the applications of covalently 
modified oligonucleotides and oligonucleotides with non-covalent intercalators were 
introduced.  
 From this background, the author presents studies related to electrochemically 
active oligonucleotides. The two main goals of these studies are to improve the versatility 
of electrochemical probes for multiplex sensing and to develop more reliable and practical 
diagnostic system based on electrochemical analysis.  
 Chapter 2 describes the synthesis of ferrocene-modified oligonucleotides and their 
use as multiplexing signal probes. By introducing various functional groups, the author 
studied the variation of the oxidation potentials of ferrocene derivatives. To achieve this, 
ferrocene subunits bearing alkynes, modified nucleoside phosphoramidites, and the 
oligonucleotides were synthesized. The synthesized derivatives were also analyzed by 
electrochemical assays. The author was responsible for the synthesis, purification, 
characterization, and electrochemical analyses for the study.  
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Chapter 3 describes the development of a ratiometric electrochemical DNA sensor 
using one of the ferrocene-modified oligonucleotides described in Chapter 2 in 
combination with MB. The modified oligonucleotide was prepared through chemical 
oligonucleotide synthesis and enzyme ligation. Subsequent electrochemical analysis 
showed remarkable improvement in terms of reproducibility and sensitivity compared with 
traditional E-sensors. This work was included in the article published in Analytical 
Chemistry.154 The author is a co-first author of the publication and was responsible for the 
synthesis, purification, and characterization of the oligonucleotides used in the study and 
for a part of the electrochemical analyses.  
Chapter 4 describes the design and fabrication of possible wearable devices with 
the modified electrochemically active oligonucleotides toward real diagnostic applications. 
The device array on a wearable patch was fabricated and modified with an E-DNA sensor 
with the goal of detecting specific genes and small molecules. The author was responsible 
for the modification of a prototype device with the oligonucleotides and the following 
electrochemical analyses. This work is being done in collaboration with Dr. Nanshu Lu’s 
group in the Dept. of Aerospace Engineering and Engineering Mechanics at the University 
of Texas at Austin. 
Chapter 5 the details the synthetic procedures, provides characterization of all new 
products, and contains electrochemical analytical data discussed in this dissertation. 
proton, 13C, and 31P NMR spectroscopy data, ESI and MALDI mass spectrometry data, 
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Chapter 2: Synthesis of multiplexing electrochemical DNA sensors 
based on a combination of various ferrocene derivatives 
2.1 INTRODUCTION 
Electrochemical DNA sensors, so-called “E-sensors”, have been utilized as a 
platform for molecular sensing due to their high sensitivity, low cost, and wide versatility 
(Figure 2.1).1-2 A conformational change triggered by hybridization or other interactions 
between a target molecule and a probe DNA strand results in a change in the 
electrochemical signal from the covalently-linked redox-active functional groups on the 
modified probe DNA. In terms of sensitivity and robustness, it is necessary to choose a 
proper redox “tag” to incorporate in E-sensor DNA so as to induce effective electron 
transfer. Thus, researchers have applied many electrochemically active compounds to 
create modified DNA oligonucleotides, including methylene blue (MB),3 ferrocene (Fc),4 
anthraquinone (AQ),5 and tris(bipyridine)ruthenium(II) (Ru(bpy)3).
6 Among them, MB has 
been used as the major covalent tag for E-sensors, especially in recent studies conducted 
by Plaxco’s group.7-8 It is attractive due to its reversible electrochemical characteristic, 
moderate redox potential, and commercial availability.3 Despite these advantages, MB is 
not an optimal redox probe for the construction of more elaborate systems that might allow 
simultaneous detection of multi targets with differentiated signals. This because MB is hard 
to modify so as to tailor its redox potential value. Since syntheses of MB derivatives are 
laborious and limited to simple modification on the dimethylamino group present in the 
molecule,9 this results the MB-modified E-sensors have fixed potentials around -200 mV 






Figure 2.1 Schematic illustration of E-Sensor.  
Compared with MB, it is relatively easy to modulate the oxidation potential of 
ferrocene, which is another major redox probe used in electrochemical analyses. Ferrocene 
is a stable and robust organometallic compound that contains a Fe(II) ion sandwiched 
between two aromatic cyclopentadiene rings.10 It is formally an 18-electron complex. 
Although it is stable such under ambient conditions, ferrocene also undergoes typical 
chemical reactions, such as conventional aromatic compounds. This allows the attachment 
of various functional groups via simple transformations. For example, a number of 
electrophilic aromatic substitutions and metalation reactions of ferrocene are reported.11-13 
Furthermore, the reacting synthesized ferrocene derivatives have various redox potentials 
as a result of the perturbation of the electron density on the ferrocene core.14 This 
adjustment bears analogy to the variation of the emission wavelength of fluorophores via 
the attachment of various functional groups. To achieve the potential variations in the case 
of ferrocene, electron donation group (EDG) or electron withdrawing groups (EWG) can 
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be appended to the ferrocene core.15 It is also possible to predict how much the potential 
of the new molecules will deviate from the standard potential of unfunctionalized ferrocene 
(i.e. E1/2= 400 mV in DCM) (Figure 2.2).  
 
 
Figure 2.2 Modulation of redox potential of ferrocene via the incorporation of EDGs and 
EWGs 
In this chapter, the author describes synthesis of ferrocene derivatives with various 
redox potentials as electrochemical probes for use in E-sensors. The synthesized 
compounds were also incorporated in chemically synthesized oligonucleotides for multiple 
target under conditions of parallel detection. We also expected to apply the synthesized 
oligonucleotides to other applications, including single nucleotide polymorphism (SNP) 
and electrochemical genetic sequencing. With these objectives in mind, we synthesized 
several ferrocene-embedded terminal alkynes, nucleosides, and nucleoside 
phosphoramidites. These were then used to prepare oligonucleotides via automated solid-
phase synthesis. The potential utility of the oligonucleotides was then tested by means of 
voltammetric assays, including cyclic voltammetry (CV) and square wave voltammetry 
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(SWV). Complementary, involving the incorporation of ferrocene probes into 
oligonucleotides via post-synthetic or enzymatic methods are currently in progress.  
 
2.2 RESULT AND DISCUSSION 
2.2.1 Design of Ferrocene derivatives with terminal alkynes 
To attach the ferrocene derivatives to oligonucleotides, we chose a terminal alkyne 
group as a functional linker on the ferrocene (Figure 2.3). These alkynes can be utilized as 
a linker in two major conjugation methods, Sonogashira coupling,16 and copper (I)-
catalyzed azide-alkyne cycloaddition reaction (CuAAC, or click chemistry).17 Using these 
conjugation methods, nucleotides can be modified with the ferrocene derivatives before or 
after preparing of the oligonucleotides. Bases with functionality attached via an alkyne 
linker generally enzymatically compatible.18 It means they can be incorporated into 
oligonucleotides to create modified NTPs via enzymatic oligonucleotide synthesis. Finally, 






Figure 2.3 Design of the ferrocene probes and pathway leading to modified 
oligonucleotides. A) Chemical synthesis, B) enzymatic synthesis, and C) 
post-synthetic modification strategies for the incorporation of a ferrocene 
subunit into oligonucleotide 
At first, eight functional groups were chosen to vary the electron density of the 
ferrocene core. These ferrocene derivatives are shown in Table 2.1. Each functional group 
is also expected to be easily attached to the ferrocene core via with alkyne linker under 
simple reaction conditions. To predict the difference in the electrochemical potential 
caused by each attachment, we consulted the Hammett constants for the corresponding 
functional groups in the literature.19 The Hammett constants used correspond to the change 
in the pKa values of benzoic acid bearing the functional groups of interests. However, we 
assumed that the basic trends are also applicable to predicting the electron density 
difference of ferrocenes due to the aromaticity of both molecules. On the basis of the 
Hammett constants, the redox potential of the ferrocene derivatives 2.1-2.8 were selected 
for the actual synthesis.  
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Table 2.1 Eight ferrocene derivatives considered for study. The structure, corresponding 
functional group used to apply the Hammett constants (m and p), 
measured oxidation potential (E1/2 = (Epc + Epa)/2), and the difference 














0.73 0.86 890 100 
2.3 
  











(Table 2.1 Continued) 
Compound Structure 
Functional 
group m p 
















0.60 0.72 840 146 
a. The constants were derived from the sum of the two functional groups. 
2.2.2 Synthesis of ferrocene derivatives with terminal alkynes 
The ferrocene 2.1 – 2.8 derivatives were synthesized from commercially available 
ferrocene sources as follows (Scheme 2.1 and 2.2). At first, ferrocenecarboxylic acid 2.9 
was reacted with propargyl amine under N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
(EDC) amide coupling conditions to give compound 2.1.20 Then, 2.1 was reacted with 
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acetic anhydride and aluminum chloride under the Friedel–Crafts reaction condition to give 
2.2.11 Precursor 2.9 was also converted to the acyl azide 2.10 with sodium azide via acyl 
chloride formation by phosphorous pentachloride. The resulting azide was then refluxed to 
yield urea 2.3 by the Curtius rearrangement.21 Furthermore, 2.4 was obtained by means of 
a Williamson ether synthesis that involved coupling ferrocenemethanol 2.10 with 
propargyl bromide in basic conditions.22 
 
 
Scheme 2.1 Synthesis of the ferrocene probes 2.1 – 2.4 
Another precursor aminoferrocene 2.12 was converted to the corresponding mono-
substituted alkyne functionalized intermediate 2.13 under SN2 reaction conditions (Scheme 
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2.2).23 Subsequent methylation with methyl iodide gave 2.5. Compounds 2.6, and 2.7 were 
also synthesized from 2.12 by acetylation with acetic anhydride or trifluoroacetic 
anhydride, respectively. Finally, lithiation of bromoferrocene 2.14 and reaction with 
alkyne-containing sulfonyl chloride produced 2.8.24 This chemistry is also shown in 
scheme 2.2. 
   
Scheme 2.2 Synthesis of the ferrocene probes 2.5 – 2.8 
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2.2.3 Electrochemistry of ferrocene derivatives with terminal alkynes 
After the synthesis of the ferrocene derivatives, cyclic voltammetry (CV) was 
performed to check their half-wave potentials (E1/2) and electrochemical reversibility 
(Figure 2.4). In the most of CV spectra, the oxidation and reduction peak current were 
almost identical and the Ep were close to about 90 mV. This result demonstrates that 
electrochemical reaction from the ferrocene moieties were quasi-reversible except for 2.8, 
which bears a sulfone group between the ferrocene and the alkyne.25  
 
Figure 2.4 Cyclic voltammetry of synthesized ferrocene probes in CH2Cl2. (Normalized 
values for clear comparison of the Ep) (0.2 M tetrabuthylammonium 
hexafluorophosphate (TBAPF6) in CH2Cl2, working electrode (WE) – glassy 
carbon (GCE); counter electrode (CE) – platinum wire (Pt); reference 
electrode (RE) – Ag/AgCl) 
It was also found as expected that the ferrocene derivatives with electron 
withdrawing groups i.e., 2.1, 2.2, 2.6 and 2.8 displayed higher redox potentials than the 
derivatives with electron donating groups (2.3 and 2.5) as expected. Compounds bearing 
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groups whose electronic character was not expected to be perturbed significantly (2.4 and 
2.6) gave E1/2 values in the middle of the two groups of species. Except for compounds 
with E1/2 maxima adjacent to one another (e.g. 2.1 and 2.7, 2.4 and 2.6, and 2.2 and 2.8), 
the difference in the E1/2 values was around 200 mV: 1) between 2.5 and 2.3 (first two 
peaks in Figure 2.4) – 190 mV; 2) 2.3 and 2.4 – 200 mV; 3) 2.4 and 2.1 – 210 mV; 4) 2.1 
and 2.2 – 230 mV. Based on published studies,5, 14 these are peak splits that might be 
expected for the ferrocene derivatives. Similar values were found using linear sweep 
voltammetric methods such as square wave voltammetry (SWV), differential pulse 
voltammetry, and alternating current voltammetry (ACV), which revealed even better peak 
resolution than obtained using conventional CV methods (data not shown here).  
2.2.4 Linear correlation between redox potential and Hammett constant 
We also explored the relationship between the electronic features of each functional 
group and the redox potential (Figure 2.5). As shown in Table 2.1, we plotted the measured 
redox potential values versus two Hammett constants, m meta substituent) and p (para 
substituent), for each functional moiety. Since the constants for the exact functional group 
linked via an alkyne moiety as presenting the compound set were not available in 
literatures, the value from the most analogous substituents were introduced in the plot. For 
example, the mandp of 3-[(methylamino)carbonyl]benzoic acid and 4-





Figure 2.5 The linear plot of the Hammett constants vs. the measured redox potentials for 
compounds 2.1 – 2.8. The Red square in each plot corresponds to 
unmodified ferrocene. A) Potential vs. m and B) vs. p.  
As shown in the Figure 2.5, the redox potentials were found to correlate well with 
the constants with good R2 values being obtained for the corresponding linear plots. 
Compared with m and p values produced a better correlation with the measured redox 
potentials. Although the trend was similar in the case of both Hammett constants, these 
findings leads us to conclude the redox potential of the ferrocene derivative are more 
dependent on a resonance effect of the substituent than an inductive effect. We thus propose 
that these correlations can be exploited in the optimal design of new derivatives since they 
allow predictions of redox potential. Interestingly, the di-substituted ferrocene 2.2 also 
showed good correlation when plotted using the sum of the Hammett constants for the two 
substituents. It may thus prove possible to predict the potential of multi-substituted 
ferrocene derivatives. However, additional studies will be needed to confirm this 
preliminary conclusion. 
 74 
2.2.5 Synthesis and electrochemical property of the ferrocene modified thymidine  
To incorporate the synthesized terminal alkynes into oligonucleotides, we first 
attempted chemical oligonucleotide synthesis. As precursors of nucleoside 
phosphoramidites, we synthesized modified thymidines bearing the ferrocene probes. 
Unlike other nucleobases, thymine does not require any additional protection or 
deprotection to be employed in oligonucleotide syntheses.26 To conjugate the probes to 
thymine, a Sonogashira coupling reaction was used as mentioned in the introductory 
chapter.  
The synthesis of the targeted modified thymidines commenced from commercially 
available 5-iodo-2′-deoxyuridine 2.15 as shown in Scheme 2.2. The primary 5′-hydroxyl 
group of thymidine was selectively protected by a dimethoxytrityl chloride (DMT-Cl) to 
yield the DMT protected nucleoside 2.16. The iodide on the 5 position allows coupling 
with the terminal alkyne of the ferrocene derivatives 2.17 through. Unfortunately, the 





Scheme 2.3 Synthesis of DMT-protected modified thymidines with the ferrocene probes 
on 5 position 
The ferrocene-modified thymidines synthesized via this coupling procedure were 
subject to CV analysis to check whether they retain their redox activities. As shown in 
Figure 2.6, the redox features of the functionalized nucleosides mirrored those of the 
precursor terminal alkynes, although there was a small shift toward negative potential 
(about -30 mV). Presumably, this shift is due to the electron-donating property of the 





Figure 2.6 Comparison between 2.1 (E1/2 = 660 mV, line) and 2.17 (E1/2 = 630 mV, dots) 
in CV (0.2 M TBAPF6 in CH2Cl2, WE – GCE; CE – PT, RE – Ag/AgCl)  
2.2.6 Synthesis of the ferrocene modified thymidine phosphoramidites 
After obtaining the ferrocene-modified nucleosides bearing DMT protecting group 
on the 5′ position, the following nucleoside phosphoramidites syntheses were carried out 
(Scheme 2.4).5, 14, 16 The thymidine with the ferrocene probes 2.17 to 2.22 were reacted 
with 2-cyanoethyl N,N-diisopropylchlorophosphoramidite to yield the phosphoramidites 
2.25 to 2.32. After the reaction between the electrophilic chlorophosphoramidite and the 
free hydroxyl group under basic conditions, the products were purified by recrystallization 
in anhydrous pentane and ether mixture (8:2), followed by drying overnight in vacuo. The 
phosphoramidites obtained in this way were used immediately to avoid decomposition of 





Scheme 2.4 Synthesis of thymidine phosphoramidites bearing the ferrocene probes.  
The conversion was confirmed by 31P NMR spectroscopy. A clear doublet peak 
around 150 ppm was seen that corresponds to what is expected for a phosphoramidite 
(Figure 2.7 and Chapter 5). The peak observed around 10 ppm is nucleoside H-




Figure 2.7 31P NMR spectra of a representative phosphoramidite target 2.23.  
2.2.7 Solid-phase oligonucleotide synthesis and self-assembled monolayer formation 
on gold 
The thymidine phosphoramidites 2.23 and 2.26 were incorporated to sequences 
2.31 and 2.32, respectively (Table 2.2) so as to obtain oligonucleotides with ferrocene 
probes. The syntheses were performed using an automated standard solid-phase 
oligonucleotide strategy (see Chapter 1.1.2) in conjunction with four unmodified 
nucleoside phosphoramidites (A, T, G, and C).  
Table 2.2 Synthesized oligonucleotide sequences 






Due to the lower coupling efficiency seen for the modified phosphoramidites 
relative to those based on A, T, G, and C, it was required to carry out the incorporation 
with higher concentrations and longer reaction times.28 After the synthesis, the sequences 
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were purified using a commercially available DNA purification cartridge charged with 
reversed-phase silica gel. This approach allowed the desired full-length oligonucleotide 
bearing DMT protection groups to be separated from truncated oligonucleotides produced 
during the synthetic process. Following deprotection of DMT group with trifluoroacetic 
acid (TFA) and lyophilizing of the resulting solution, the desired oligonucleotides were 
obtained as solids. 
In addition to 2.23 and 2.26, cleavage of disulfide bond is required if 
immobilization onto a gold surface is to be performed. Such attachment is desired since 
the goal is to construct self-assembled monolayer (SAM) using gold-thiol interactions that 
can serve as E-sensors (Scheme 2.5).4, 29 
 
 
Scheme 2.5 Schematic representation of a SAM produced using a generalized modified 
oligonucleotide in combinations with 6-mercaptohexanol (MCH). 
To accomplish thiol release, tris(2-carboxyethyl)phosphine (TCEP) was added to a 
solution of the oligonucleotides solution in aqueous buffer. After the formation of free thiol 
group by reduction, the oligonucleotides were immobilized on hand-polished gold disk 
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electrode to check their electrochemical properties. In addition, the electrode surface was 
treated with 6-mercaptohexanol (MCH) solution to wash off nonspecifically bound 
oligonucleotides and to construct a SAM consisting of surface bound MCH and 
oligonucleotide subunits. Oligonucleotides 2.31 and 2.32 were used separately in these 
studies. 
2.2.8 Electrochemical analysis of the ferrocene modified oligonucleotides 
After immobilization on the gold surface as described above, we investigated the 
electrochemical properties of oligonucleotide 2.31 and 2.32 by various voltammetric 
methods, including DPV, SWV, and ACV. Among them, SWV was chosen as the optimal 
sensing method due to its outstanding signal to noise ratio. 
 
Figure 2.8 SWV curves of the SAM prepared from 2.31 and 2.32 on gold electrode 
surface in PBS. A) Signals produced by the individual oligonucleotide 2.31 
(red) and 2.32 (black) (Overnight incubation with 10 μM of each 
oligonucleotide in PBS for surface immobilization, WE – gold disk 
electrode (GE): CE – Pt: RE – Ag/AgCl). B) Signals produced by a the 1:1 
mixture of the probes used for A. (5 μM of each oligonucleotide under the 
same condition)  
 As shown in Figure 2.8A, the electrode-immobilized oligonucleotides 2.31 and 
2.32 showed peak currents at 250 mV and 420 mV, respectively in phosphate buffered 
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saline (PBS). These peak potentials (Ep) are positioned at about 200 mV lower than the E1/2 
of their precursor ferrocene-alkynes. We assume that this discrepancy reflects the different 
polarity and electrochemical environment of the organic solvent (CH2Cl2) and the aqueous 
buffer (PBS) conditions used to study the SAMs. However, the difference between the two 
Ep values was still about 200 mV, just as it was in corresponding ferrocene alkynes and 
functionalized nucleosides. This implies that the redox potential of the synthesized 
oligonucleotides can be predicted by those of the precursors in advance of carrying out the 
actual oligonucleotide synthesis. 
We also performed SWV with studies 1:1 mixture of the 2.31 and 2.32 on gold 
electrode surface. This was done to check the variation of redox potential of the modified 
oligonucleotides. As expected, the current peaks were clearly split enough to detect each 
signal at the same time (Figure 2.8B). Thus, it is suggested that the synthesized ferrocene 
derivatives can be utilized in the multiplexing sensing on the basis of the difference 
between each Ep., however further experiments will be required to establish the general 
viability of this concept by testifying other redox active oligonucleotide derivatives.    
 
2.3 CURRENT AND FUTURE WORKS 
2.3.1 Synthesis of oligonucleotides with ferrocene derivatives 
Currently, the incorporation of the other ferrocene derivatives is in progress to 
achieve more variable potentials. However, attempts to prepare oligonucleotides based on 
other modified phosphoramidites now in hand (2.24, 2.25, 2.26, and 2.28) have not been 
successful. The presumed phosphoramidites were decomposed immediately in aqueous 
solution. After the purification of the presumed oligonucleotide, no current peak could be 
detected via SWV after immobilization on a gold surface.  
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We assumes that these synthetic difficulties reflect an instability of the attached 
ferrocene in aqueous media.3, 30 Despite the stable characteristics of ferrocene in organic 
solvents, it is known that halide anions in aqueous solution can react with ferrocene to give 
FeX2.
31-32 Under the solid-phase synthetic conditions, aqueous iodine is converted to the 
iodide anion during the oxidation step. The iodide anion may, in turn, decompose the 
ferrocene complex resulting in the loss of any electrochemical properties. To avoid this 
putative decomposition, we plans to replace the oxidant used in the solid-phase synthesis 
with organic peroxide and carry out the reaction in CH2Cl2.
33 It is also appreciated that 
conventional storage buffers for nucleic acids, such as tris(hydroxymethyl)aminomethane 
hydrochloride (Tris-HCl) or phosphate buffered saline (PBS), are rich in chloride anions. 
Therefore, the newly synthesized oligonucleotides will be stored in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid/sodium perchlorate (HEPES/NaClO4) buffer, where 
ferrocene derivatives have been shown to have better stability.3 
2.3.2 Post-synthetic modification of oligonucleotides with ferrocene 
In addition to the chemical synthesis, we also performed post-synthetic 
modification with the ferrocene probes in an effort to bypass the aqueous oxidation step. 
With this goal in mind, the terminal alkyne 2.1 was incorporated into oligonucleotides by 
reacting with an azide-functionalized oligonucleotide under CuAAc coupling conditions 




Scheme 2.6 Post-synthetic modification of an azide-functionalized oligonucleotide to 
obtain 2.33 (Sequence: 5'-N3-TTACTCTC GATCGGCGTTTTA GAGAGG-
SH-3')  
The resulting oligonucleotide 2.33 was purified by HPLC and stored in 
HEPES/NaClO4 buffer. By using the same protocol described above, a SAM were prepared 
from 2.33. SWV analysis of this electrode revealed an Ep at 400 mV, which matched well 
what was seen for 2.1 in aqueous solution (Figure 2.8).  
  
Figure 2.8 SWV of the SAM prepared from 2.33 in HEPES/NaClO4 buffer (Overnight 
incubation with 2 μM in HEPES/NaClO4 buffer, WE –GE; CE – Pt; RE – Ag/AgCl) 
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After the fabrication of the SAM, one ferrocene conjugate prepared using the so-
called “click reaction” gave rise to a relatively strong peak current studied by SWV. This 
contrasts to the corresponding ferrocene produced by solid-phase synthesis, wherein 
multiple ferrocenes were required in order to produce a current strong enough for clear 
detection. Based on this preliminary result, it is expected that further post-synthetic 
modifications with other ferrocene-modified terminal alkynes such as precursors (2.1 – 
2.8) will produce SAMs displaying a range of Ep values.     
 
2.4 CONCLUSION 
In conclusion, we have synthesized a series of functionalized ferrocene derivatives 
that provide a range of voltammetric signals, an effect ascribed perturbation of the electron 
density on the ferrocene cores. These ferrocene derivatives were incorporated into 
oligonucleotides by chemical synthesis or post-synthetic modification. Two systems 
differed, which is taken as being promising in terms of eventual multiplexing sensing. 
Currently, efforts to optimize the oligonucleotide synthesis conditions as well as 
construction of further SAMs for the electrochemical sensing are in progress. To the extent 
this works can be completed, it may permit the analysis of multiple nucleic acid analytes 
in parallel via the use of probes producing different electrochemical ‘colors’. The targeted 
system, if obtained, could prove useful as a promising platform for SNP detection and for 
the electrochemical sequencing for genetic materials. 
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Chapter 3: Construction and Application of Ratiomatric 
electrochemical DNA sensor1 
3.1 INTRODUCTION 
The ability to transduce the DNA hybridization into electrochemical signals has 
been greatly advanced by the development of so-called electrochemical DNA sensors (E-
sensors). The E-sensors have a variety of intrinsic advantages, including high sensitivity, 
relatively low cost, and amenability to miniaturization and multiplexing.1-3 Nucleic acid 
analytes, including single nucleotide polymorphisms (SNPs), have been specifically 
detected by adapting molecular beacons4 to electrochemical signalling.5 An extremely 
robust and adaptable design for electrochemical signaling with molecular beacons has been 
developed by Plaxco group.6 In this design the distance of a redox tag to an electrode 
surface was altered as a consequence of nucleic acid target-induced conformational change 
in the molecular beacon (see Figure 3.1). Variations on this theme have included molecular 
beacon E-sensors with ferrocene (Fc),7 methylene blue (MB),8 and other redox tags;9-10 
transduction to both reusable6 and disposable electrodes;11 and the detection of targets 
ranging from short DNA6, 10 to RNA12-13 to amplicons from isothermal amplification.14 To 
improve the sensitivity of the E-sensor, enzyme15-16 or nanomaterial17-18 amplification of 
the initial conformational transduction has been achieved; some of these transduction 
methods have allowed certain DNA targets to be detected at the atto-molar level. 
 As with many other electrochemical biosensors, a barrier to the wider adoption of 
E-sensors as analytical devices are recognized problems relating to reproducibility, 
robustness and reliability, which in turn stem from hard-to-avoid variations in electrode 
                                                 
1 Du, Y.; Lim, B. J.; Li, B.; Jiang, Y. S.; Sessler, J. L.; Ellington, A. D., Reagentless, Ratiometric 
Electrochemical DNA Sensors with Improved Robustness and Reproducibility. Anal Chem 2014, 86 (15), 
8010-8016. The author is a co-first author of the publication and was responsible for the synthesis, 
purification, and characterization of the oligonucleotides used in the study and for a part of the 
electrochemical analyses. 
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areas, DNA loading densities, and non-target-induced reagent degradation/dissociation. 
This can lead to differences in the initial background currents on different sensing 
electrodes. The idiosyncratic background currents observed with disparate electrodes make 
direct determination of target binding unreliable, ultimately requiring time-consuming 
background scans with each new electrode or in each new analysis. Relative signal changes 
before and after the addition of target can be carried out for individual electrodes;19-20 
however, such methods are inconvenient and considered impractical for potential point-of-
care devices. Moreover, using such methods it is difficult to confirm whether the observed 
signal changes are due to target binding or deterioration of the sensing surface. 
In this chapter, we describe a simple ratiometric method for improving the 
robustness and reproducibility of E-sensors, specifically, a new “ratiometric E-sensor”. As 
detailed below, we build on the basic Plaxco’s E-sensor approach. We have done so 
because such E-sensors are reagentless and thus excellent candidates for the development 
of point-of-care diagnostics.8, 20-21 However, the inclusion of the two redox components 
uniquely addresses the shortcomings note above, especially in relation to variations that 
arise from different DNA loading densities and non-target-induced reagent 
degradation/dissociation. The ratiometric E-sensor we describe here is expected to be 
general and thus readily extrapolated to create a range of other oligonucleotide 
electrochemical DNA or aptamer-based biosensors that rely on the same or other 
conformational transduction principles.3, 22-25  
The major work of this chapter was published in the journal Analytical Chemistry: 
Du, Y.; Lim, B. J.; Li, B.; Jiang, Y. S.; Sessler, J. L.; Ellington, A. D., Reagentless, 
Ratiometric Electrochemical DNA Sensors with Improved Robustness and 
Reproducibility. Anal Chem 2014, 86 (15), 8010-8016. 
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3.2 RESULT AND DISCUSSION 
3.2.1 Synthesis and characterization of the ratiomatric E-DNA Sensor 
The ratiometric method we describe here is based on the use of two electrochemical 
probes in parallel. In addition to the classic signal probe (MB) found in other E-sensors, 
we have included another redox probe, Fc as a control. The design principle is that during 
target-induced conformational transduction, only the distance between the signal probe 
(MB) and the electrode will be changed, while the relative distance between the control 
probe (Fc) and the electrode should remain constant. Therefore, the control probe is 
expected to serve as an internal control. (Figure 3.1) 
 
Figure 3.1 Scheme of sensing process and predicted signal by electron transfer.  
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To demonstrate the utility of our ratiometric standardization, we designed a 
“Signal-Off” E-DNA sensor6 similar to one reported previously by Plaxco and coworkers. 
However, in addition to adding a second redox component, we changed the target sequence 
so as to detect sequences present in the human T-lymphotropic virus type I gene (Target 
T).26 As shown in figure 3.1 and table 3.1, a 37-mer molecular beacon (Probe P) was 
immobilized on a hand-polished gold disk electrode via a 3' thiol. Probe P was constructed 
by enzymatically ligation of an HS- and Fc-labeled oligonucleotide (HS-Fc-P) with a MB-
labeled oligonucleotide (MB-P) and the following PAGE purification (Figure 3.2). The 
HS-Fc-P was synthesized using a commercial 3'-thiol modifier solid phase column and a 
Fc-modified thymidine (T) phosphoramidite (2.23) (Scheme 3.1). MB-P was obtained 
from a commercial supplier.  
 
Scheme 3.1 Construction of Probe P from MB-P and HS-Fc-P. After hybridization to a 
complementary strand, Ligation-P, the phosphorylated HS-Fc-P and MB-
P were ligated together by T4 DNA ligase.  
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Table 3.1 Sequence of oligonucleotides used in this work. X: 2.23 (Ferrocene-modified 
thymidine phosphoradmite) 





TTTGAGTATTCCTCCAGGCCATGCGCAAATACTCTTTTT   
MB-P TTTGAGTATTCCTCCAGG MB  
HS-Fc-P CCATGCGCAAATACTCXXXXT  C3 - SH 
Ligation-P ATTTGCGCATGGCCTGGAGGAATAC   
Target T GAGTATTTGCGCATGGCCTGGAGGA   
T-SNP1 GAGTATTTGCGCATGGCCTGTAGGA   
T-SNP2 GAGTATTTCCGCATGGCCTGTAGGA   
T-SNP3 GAGTATTTCCGCATGGCCAGTAGGA   
T-SNP4 GAGTATTTCCGCTTGGCCAGTAGGA   
Non-T AACCAGCCAGTGAGCCAATTCATGA    
 
Figure 3.2 PAGE gel characterization and purification of the ligation process. Because 




3.2.2 Electrohemical charateristics of the ratiomatric E-sensor 
As shown in Figure 3.1 and Figure 3.3, in the absence of the target, both the Fc and 
MB tags are held in proximity to the electrode and yield effective electron transfer signals 
at 0.440 V and -0.265 V (vs Ag/AgCl. 2 M NaCl), respectively. The Fc probe was chosen 
because its E° is well-separated from that of MB. Figure 3.3 shows square wave 
voltammetry (SWV) curves from three different electrodes. As hypothesized, under 
standard experimental operation, irrespective of differences in electrode areas, probe 
densities, or idiosyncrasies of cleaning, the background current ratio between MB and Fc 
was generally the same on each sensing surface.  
 
 
Figure 3.3 Comparison between non-ratiometric and ratiometric E-sensors. A) Typical 
SWV curves scanned prior to target binding on three different sensing 
electrodes. B) Reproducibility of the nonratiometric E-sensor. C) 
Reproducibility of the ratiometric E-sensor. Throughout, (IMB)° refers to the 
initial background response of MB prior to target binding. (IMB/IFc)° refers to 
the initial background ratio of MB and Fc signals prior to target binding. The 
black histograms represent the background responses of 50 individual 
measurements over eight electrodes. Average values are represented by the 
red bars. The error bars in the red histograms represent the SD for 50 
individual measurements. 
To confirm that the ratiometric E-sensor (containing both MB and Fc) is highly 
reproducible relative to the non-ratiometric E-sensor (containing only MB), the initial 
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background SWV peak currents of MB ((IMB)°) and Fc ((IFc)°) and the initial background 
current ratios of ((IMB/IFc)°) before target detection were collected over fifty individual 
measurements (Figure 3.3B and 3.3C). These data were obtained using eight electrodes, 
including the same electrodes on different days and different electrodes on the same day. 
Similar to the classic E-sensor, the background (IMB)° response in these fifty tests showed 
wide variation (Figure 3.3B) with an average (standard deviation, SD) of 5.54×10-7 A and 
a variance of 1.21. However, in our ratiometric E-sensor the variation in background signal 
was significantly reduced ((IMB/IFc)°; Figure 3.3C) with an average background ratio 
response of 4.13 and a variance of 0.14. The ratiometric approach was far more robust, 
reliable, and reproducible than the previous approach that relied on electrochemical 
“absolute values”. 
3.2.3 Detection of a target olignocleotide    
  In response to the target sequence (Target T, at e.g., 500 nM), the Probe P 
undergoes a conformational change due to formation of a P-T duplex. While the Faradic 
current from the 3' Fc tag was almost unchanged (presumably since its distance to the 
electrode, d1 remained unchanged), the 5' MB tag showed a sharp decrease in current, 
consistent with it being further away from the electrode (d2 goes to d2-T) (Figure 3.1 and 




Figure 3.4 Typical SWV curves as obtained before and after target binding. The peak 
current from Fc is normalized for each curve. 
In order to confirm that electrochemical signals were due to nucleic acid 
hybridization and conformational changes rather than other unattributed effects, the 
behavior of Probe P was analyzed using native polyacrylamide gel electrophoresis (PAGE) 
(Figure 3.5). As can be seen from inspection of Figures 3.5A (using unlabeled Probe P and 
Target T) and 3.5B (using MB- and Fc-labeled Probe P and Target T), a higher band was 
observed only in the presence of Target T (lanes 2-4, 8-9). Moreover, the density of this 
band was in direct proportion to the target added. Interestingly, the presence of one or both 
electrochemical tags on Probe P reduced SYBR Gold staining fluorescence (blue arrow in 
Figure 3.5B, lane 6). Nevertheless, evidence for hybridization between Probe P and Target 




Figure 3.5 Gel electrophoresis of E-sensor conformational transitions. Samples were 
developed on a 12% native PAGE. A) Unlabeled Probe P, lane 1: [T] = 100 
nM; lanes 2 and 4: [P] = [T] = 100 nM; lane 3: [P] = 2[T] = 100 nM; lane 5: 
[P] = 100 nM. B) HS- and Fc- and MB-labeled Probe P, lane 6: [P] = 200 nM; 
lane 7: [T] = 200 nM; lanes 8 and 9: [P] = [T] = 200 nM. The mobilities of 
the different conformers are indicated at the sides of the gels. The arrow 
indicates a faint band, as described in the text. 
A dose-response curve was prepared for the ratiometric E-sensor by monitoring the 
SWV peak current ratio between the MB current and the Fc current (IMB/IFc) after Target 
T detection. Such analyses provide a complement to measurements of the absolute MB 
current value (IMB) or the relative current (IMB /(IMB)°). They are attractive because they 
are potentially more reproducible. To construct these curves, data were collected using 
different electrodes. As can be seen from an inspection of Figures 3.6A and 3.6B, the 
response varied in a log-linear fashion with the target concentration, as expected. Target T 
concentrations from 50 pM to 1 μM could be measured, with the highest ratio signal 
suppression being around 50% from the background and an overall R2 = 0.997. The 
detection limit (LOD) at a signal-to-noise ratio of 3 was calculated to be 25.1 pM, 
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comparable with the non-ratiometric or classic E-DNA sensor.6 However, in contrast to 
this latter classic approach, control studies carried out using just the signal probe MB (IMB) 
revealed relatively large standard deviations and an overall R2 of 0.958, although peak 
current suppression with increasing target concentration was seen (Figures 3.6C and 3.6D). 
The lower reliability observed with the control system is ascribed to the variance in the 
background signal (IMB)° discussed above (cf. Figure 3.3B). 
 
 
Figure 3.6 Concentration dependence of Target T as observed using ratiometric E-sensors 
and non-ratiometric E-sensors. A) Concentration dependence of Target T 
based on the ratio IMB/IFc. B) Concentration dependence of Target T 
represented by a log−linear plot of IMB/IFc. C) Concentration dependence of 
Target T based on IMB. D) Concentration dependence of Target T represented 
by log−linear plot of IMB. The error bars are standard deviations of 
measurements based on three independent experiments. 
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3.2.4 Detection of mismatched oligonucleotides  
In order to ensure that the signals observed were due to the specific hybridization 
of Target T to the probe sequence (Probe P), a series of control experiments were carried 
out with non-complementary DNA (Non-T), and with targets containing 1 to 4 mismatches 
(T-SNP1, T-SNP2, T-SNP3, and T-SNP4). The targets that contained three or more 
mismatches produced no observable interactions with Probe P, while single and double 
mismatches gave signals smaller than the completely matched target (Figure 3.7A). As 
with non-ratiometric E-sensors, it is anticipated that long targets will yield larger signal 
changes than shorter targets, but that the specificity of long targets will be poorer than that 
of shorter targets.27  
 
 
Figure 3.7 Selectivity of the ratiometric E-sensor. A) Transduction by Probe P with a series 
matched and mismatched targets at 25 °C. Buffer only (1), 1 μM Non-T (2), 
1 μM T-SNP4 (4 mismatches) (3), 1 μM T-SNP3 (3 mismatches) (4), 1 μM 
T-SNP2 (2 mismatches) (5), 1 μM T-SNP1 (1 mismatch) (6), and correctly 
paired Target T (7). B) Selectivity at different temperatures. T-SNP1 and T-
SNP2 contain 1 and 2 mismatches relative to Target T, respectively. 
More quantitatively, the single-base mismatch discrimination factor can be defined 
as the ratio of the decrease in signal with a perfectly paired target (ΔIMB/IFc) versus that 
seen with a mismatched target. The larger the discrimination factor is, the better the 
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specificity for single-base mismatch will be. The discrimination factor, for the single-base 
mismatched sequence T-SNP1 was 1.60 at 25 °C. Increasing the temperature should 
increase the level of discrimination.28-29 In the present instance, increasing the temperature 
to 37 °C, resulted in a discrimination value of 2.50 (Figure 3.7B). These latter values are 
comparable to those obtained with E-sensors,7 where a discrimination factor of 2.33 was 
noted. However, our internally controlled, double redox sensor shows mismatch 
discrimination comparable to fluorescence methods (discrimination factor of 2.18),30 and 
somewhat better than similar experiments that have been reported in the context of 
electrochemistry (1.67),31 colorimetry (1.33),32 surface plasmon resonance (1.67),33 quartz 
crystal microbalance (1.22),33 or surface-enhanced Raman scattering (1.33) sensing.34 
Based on prior studies, it is anticipated that additional mutation discrimination could likely 
be obtained by manipulating salt concentrations and other buffer components.35 
Optimization efforts along these latter lines are in progress. 
 
3.3 CURRENT AND FUTURE WORKS 
3.3.1 Simple dual-labeling of MB and Fc by post-synthetic modifications 
We have performed the both of oligonucleotide synthesis and enzymatic ligation to 
synthesize the E-sensor probe with both of MB and Fc. This methodology requires 
laborious multi-step synthesis and purification even though the MB-attached 
oligonucleotide was obtained from commercial source (see scheme 3.1). This disadvantage 
may be troublesome in application to practical devices with the E-sensor despite the 
improved reproducibility and sensitivity. Another issue is the performance of the Fcs for 
reference probes, which was multi-incorporated on the E-sensor oligonucleotide in order 
to provide clear signal to detect as described in Chapter 2. This also reduces the efficiency 
 100 
of the solid-phase oligonucleotide synthesis with more time and cost due to synthesis of 
Fc-modified phosphoramidite (2.23). 
To overcome this, we designed new E-sensor oligonucleotide synthesized by two 
post-synthetic modifications with a dual-functionalized oligonucleotide (Scheme 3.2). 
First, the oligonucleotide with two functional groups for conjugation reactions, amine and 
amide coupling, will be prepared by oligonucleotide synthesis or commercial source. The 
following sequential conjugation with a Fc-alkyne (i.e. 2.1 - 2.8) and MB-NHS will yield 
the desired E-sensor oligonucleotide. As mentioned in Chapter 2.3.2, one Fc is expected to 
show clear current peak to function as a reference probe. We expect this synthetic way will 
effectively reduce the time and cost for the double modifications and enzyme ligation.  
     
   
Scheme 3.2 Duel-labeling of the ratiomatric E-sensor via post-synthetic modification. 
 
3.4 CONCLUSION 
In conclusion, we have developed a novel ratiometric method that greatly improves 
the performance of E-sensors. By importing an internal control redox probe into the sensing 
platform, we have overcome a disadvantage of electrochemical DNA sensors, namely 
irreproducibility, and have done so without loss of sensitivity or selectivity. An additional 
potential advantage of the MB/Fc approach detailed here is that the current ratio prior to 
 101 
target binding can be used as a positive control to validate electrode function. This is useful 
since drastic variations in the baseline ratio over time can be indicative of a faulty electrode. 
    It is likely that this advance can also be applied to other types of E-sensors, 
including those based on aptamer refolding in the presence of a ligand.3, 22-23, 25, 36-40 Efforts 
are currently being made to extrapolate the present approach in such directions. The key 
point is that in any configuration, the analyte-dependent signal can be read out directly by 
simply calculating the current ratio between MB and Fc (or some other appropriate redox 
probe). In other words, even if the change in the relative current response cannot be readily 
predicted (or correlated accurately with target concentration), the change in the current 
ratio will be indicative of target binding. We thus deem the approach described here as 
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Chapter 4: Development of wearable devices based on E-sensor 
technologies for the detection of small molecules in sweat 
4.1 INTRODUCTION 
Sweat comprises one of the major fluids excreted by the human body with its main 
role acting as a method for regulating body temperature by evaporation of water. 
Interestingly, in recent years, sweat has been exploited in diagnostics.1-2 For example, 
ions,3-6 carbohydrates,7 steroids,8 and even peptides9 have been detected to provide 
patient’s health status. Moreover, sweat can contains residual drugs or metabolite10s due to 
passive diffusion of the molecules from blood to sweat gland.10-11 These sweat diagnostics 
allow researchers or regulatory agencies to bypass invasive sampling to obtain patient’s or 
subject’s blood. As mentioned in chapter 1, electrochemical sensing has the advantage as 
a sensing platform due to high sensitivity, simplicity, and low cost. Furthermore, the 
miniaturization of the devices can perform ‘real-time’ monitoring of a target analyte via 
the combination with improved electronics, while the old-fashioned sweat diagnostics were 
based on collecting and extracting sweat samples for ‘end-point’ analysis.12-13 Significant 
work has also been put towards developing wearable sensors for real-time monitoring of 
multiple analytes in one device.14-15  
The current standard for existing wearable sensors are based upon ion-selective 
electrodes or enzyme reactions and the fabrication of the device requires high costs and 
efforts. Moreover, the target analytes have been limited to several ions (e.g. sodium,16 
potassium,15 chloride17 ions) and few organic compounds (e.g. glucose15 and lactate18). To 
overcome these challenges, adoption of E-sensor based on DNA aptamer can be an 
excellent sensing platform for detection of a specific analyte. Many aptamers have already 
been developed to detect various target molecules, especially complex small and large 
molecules, which might prove difficult in attempting to find the corresponding enzyme or 
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selective electrode.19 Another advantage is simple fabrication process for multiple sensing 
platform. Unlike the conventional sensors demand each manufacturing step for each 
analyte, all E-sensors are able to share the same steps for fabrications.                 
In this chapter, we describe the design and fabrication of a prototype wearable 
device based on E-sensors. To perform electrochemical analysis on the device, the three 
electrodes (i.e. working, counter, and reference electrode) were fabricated20 on flexible 
solid support as shown in Figure 4.1: A) gold film on polyethylene terephthalate and 
thermal release tape (Au-PET-TRT, or APT) was laminated on the cutting mat; B) The 
designed patterns are carved by automated cutting machine; C) APT is peeled off from the 
cutting mat; D) Extra Au-PET layer was removed after deactivation the TRT for release of 
the film; E) The designed patterns were printed on target support. All fabrication works 
have been performed by Nanshu Lu’s group in of Dept. of Aerospace Engineering and 
Engineering Mechanics at UT Austin. 
 




4.2 RESULT AND DISCUSSION 
4.2.1 Device fabrication 
To apply an E-sensor system to the wearable devices, we designed a prototype of 
the device with three electrodes on a wearable support to perform conventional 
electrochemical analysis (Figure 4.2). All design of the devices was performed by the 
author and the actual fabrications were carried out by Lu’s group. The solid support was 
prepared from a commercially available sticky tape (3M removal silicone tape, KRST), 
which is sticky and flexible enough to stick and stay on the epidermal surface.20 At first, a 
working electrode (WE) was patterned by gold film for immobilization of E-sensor 
oligonucleotide per a usual E-sensor system. A counter electrode (CE) was fabricated with 
the working electrode at the same time for easy process and chemical inertness of gold. 
Silver metal film was pasted on the support as a pseudo-reference electrode (PRE), which 
does not provide a thermodynamically constant reference potential but is predictable in 
specific conditions.21 The first prototype design can be found in Figure 4.2B. In this system, 
the electrodes had an arrow shape with a circle tip at the functioning area as an electrode 
and a larger horseshoe-shaped interface area at the other end as an interface between the 
device and potentiostat.  
 
Figure 4.2 Schematic design (A) and the first prototype (B) of the epidermal wearable 
device fabricated by Lu’s group.   
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After the fabrication of the device, the connecting and functioning area were 
immersed in K2Fe(CN)6/K3Fe(CN)6 in PBS solution and linear sweep voltammetry was 
carried out in order to test whether the pasted metal electrodes work properly. However, 
the device did not function over the potential of 0.6 V in positive sweep, as shown in figure 
4.3A. We also found the metal film of the working and counter electrodes were peeled off 
and dissociated into the buffer solution (Figure 4.3B).    
 
 
Figure 4.3 (A) Linear sweep voltammetry of the first prototype device with Fe(CN)6
3-
/Fe(CN)6
4- in PBS. The arrow shows a collapsing of the electrodes. (B) The 
electrodes were peeled off the device after the experiment 
We thus designed and fabricated a second-generation model to solve the problems 
(Figure 4.4). At first, we covered a silicone rubber film on the connecting area to attach the 
area on the support more tightly22 as well as to insulate the metal films from the conducting 
buffer solution except for the functioning areas. In addition, the functioning and connecting 




Figure 4.4 The second-generation of the device fabricated by Lu’s group. 
The new device was then tested by CV at the same solution (Figure 4.5). The redox 
coupling of Fe(CN)3-/ Fe(CN)4- were clearly detected with peak currents with E1/2 around 
150 mV. By utilizing silver metal as a pseudo-reference, this value is slightly decreased 
when compared to measurement with Ag/AgCl reference electrode (around 300 mV, data 
not shown here).21 We also tested the available potential range of device by the varied 
scanning in the positive and negative direction. As shown in figure 4.5, the device shows 
similar pattern with a conventional gold-disk electrode, which provides available range 
from 0.8 V to -0.8 V.23 Thus, we concluded that the device has a potential use for the 




Figure 4.5 CV of the device with Fe(CN)6
3-/Fe(CN)6
4- in PBS. Each arrow shows the 
direction of potential sweep A) positive and B) negative, respectively.  
4.2.2 Sensing of oligonucleotide sequence 
Initial experiments in oligonucleotide sensing was put towards the detection of a 
complementary DNA sequence. Following the E-sensor construction procedure in Chapter 
2 and 3, the E-sensor sequence with MB probe was immobilized on the gold working 
electrode using a thiol-gold interaction (Figure 4.6A). Upon incubating in the dark 
overnight (Figure 4.6B), the working electrode was treated with 6-mercaptohexanol to 
construct a SAM. The device was then wrapped around a conical tube submerged in a target 
solution diluted in PBS for hybridization between the E-sensor DNA and the target DNA 
(Figure 4.6C). After the reaction, the device was connected with a potentiostat for 
electrochemical measurements (Figure 4.6D). The sequences used in the work are shown 




Figure 4.6 Construction process of wearable device with E-sensor  
Table 4.1 Sequence of oligonucleotides used in this work (MB: methylene blue, SH: 
thiol modifier, X: random base) 
Name Sequence (5' to 3') 
E-sensor sequence SH- TTACTCTC GATCGGCGTTTTA GAGAGG -MB 
Target sequence TAAAACGCCGATC 
Random sequence XXXXXXXXXXXXX 
Cocaine E-sensor SH- AGACAAGGAAAATCCTTCAATGAAGTGGGTCG - MB 
As expected, the E-sensor adopted device showed good performance for DNA 
sequence detection. Since ACV showed the highest current peak among several 
voltammetric analysis (data not shown here), we obtained the ACV curve from the device 
after the E-sensor construction (Figure 4.7, blue line). The peak current was 4.57×10-7 A 
at around -0.35 V, which is comparable to conventional gold disk electrode (see Chapter 
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3).24 This work serves to demonstrate the utility of immobilizing the E-sensor DNA on the 
working electrode.  
 
Figure 4.7 ACV of the device for oligonucleotide detection.   
The complementary target sequence was then added to the device. As conventional 
E-sensors using a gold disk electrode, the signal decreased 47 % (from 4.57 to 2.50×10-7 
A), and shows a concomitant conformational change of the E-sensor sequence on the 
device. As a control study, we thus tested the measurement with random sequence DNA 
(yellow line in Figure 4.7) to confirm the signal decrease with target sequence caused by 
the hybridization between the target and E-sensor sequences. The device was regenerated 
by washing the target sequence for the application to reusable sensor and real-time 
monitoring. The peak current was returned close to baseline (gray line in Figure 4.7). We 
attribute this incomplete recovery to the destruction of E-sensor on the working electrode 
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in the washing step because the boundary of the electrode is not completely defined like as 
conventional electrode surrounded by insulating polymer. 
    
4.3 CURRENT AND FUTURE WORKS 
4.3.1 Sensing of cocaine with aptamer based E-sensor 
In an attempt to expand upon previous work, we are trying to develop a device 
based on DNA-aptamer technologies for the real-world applications to physiological target 
detection. Owing to its simplicity and readily available aptamers, we chose a commonly 
used psychotropic drug, cocaine, as a sensing target for a first attempt due to its importance 
in clinical and forensic analysis.  
We adopted the cocaine E-sensor reported by Plaxco et al. (see table 4.1)25 and 
fabricated the E-sensor with our device. Since handling cocaine requires a license from 
Federal Drug Enforcement Agency (DEA), a benzoylecgonine solution, which showed 
slightly less binding affinity to the aptamer, was used as target sample. The cocaine E-
sensor was immobilized on the fabricated device as following the same procedure for the 





Figure 4.8 ACV of the device for benzoylecgonine detection. 
In line with previous reports, the peak current was expected to increase with the 
ligand due to conformational change of the DNA aptamer. However, in our system, there 
was no significant change in the peak current. In fact, it was even shown to decrease upon 
incubation with a more concentrated solution. We propose the concentration of the target 
molecule was not high enough to increase the signal based on the high dissociation constant 
(Kd = ~100 uM) of the aptamer towards cocaine and even lower for benzoylecgonine.
26-27 
Due to the lack of Schedule 1 DEA license, we could not perform the experiment with 
higher concentration. 
4.3.2. Sensing of aminoglycoside antibiotics 
In addition, we are aiming to apply our device to detection of aminoglycoside 
species such as kanamycin and tobramycin in perspiration. These drugs have been widely 
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administered to patients in hospitals, however this has not been without adverse effects. In 
spite of the excellent antibacterial properties, it is always a concern that over use of the 
drugs may cause severe side-effects as well as produce drug-resistant pathogens.28 To 
prevent these issues, researchers have tried to investigate the minimum dose of the drugs 
and optimize the administration. Monitoring the concentration and any metabolites is 
essential in the optimization dosing any medication.28-30 However, to date, common 
monitoring procedure for the drugs requires invasive blood sampling from the patients.31-
32  
Excretions of some antibiotics from sweat glands is already reported.33,34 
Interestingly, the excreted drugs have been suspected one of culprits of development of 
antibiotic resistance in hospitals.33 For these reasons, it is expected that monitoring of the 
aminoglycosides in sweat is potentially able to substitute blood test, as well as elucidate 
the mechanism of the hospital acquired infections.  
To construct the sensing device, we are currently in fabrication of a wearable device 
detecting aminoglycosides. Since the aptamers for the drugs were already reported31-32, we 
are currently testing the aptamer-based E-sensor using conventional three electrodes 
system and the device fabrication will follow.  
 
4.4 CONCLUSION 
In conclusion, we have designed and fabricated wearable devices for 
electrochemical detection of biological analytes. As a prototype platform for the device, 
the three electrodes system was constructed on a polymer support with gold and silver 
metals and the E-sensor DNA was immobilized on the working electrode. The disclosed 
device showed promising results in oligonucleotide detection, thus warranting further 
studies in potential E-sensor applications. Currently, we are applying the device for 
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detection of aminoglycoside antibiotics using the corresponding aptamer E-sensor. It is 
expected the device will enable the construction of platforms to diagnose various analytes 
in sweat via non-invasive sampling.   
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Chapter 5: Experimental Procedures  
5.1 MATERIALS  
All reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO) and 
Acros Organics (Morris Plains, NJ) and used without further purification unless otherwise 
noted. NMR solvents were purchased from Cambridge Isotope Laboratories (Tewksbury, 
MA). Column chromatography was performed on Sorbent Technologies silica gel 60 
(40−63 μm). TLC analyses were carried out using Sorbent Technologies silica gel (200 
μm) sheets. All unmodified phosphoramidites and materials used for solid phase 
oligonucleotide synthesis were purchased from Glen Research (Sterling, VA). The 
methylene-blue-labeled probe (MB-P) was ordered from Biosearch Technologies (Novato, 
CA). All other unmodified nucleotides were ordered from Integrated DNA Technology 
(Coralville, IA). T4 polynucleotide kinase (T4 PNK) and T4 DNA ligase were ordered 
from New England BioLabs Inc. (Ipswich, MA). SYBR Gold was purchased from Life 
Technologies (Grand Island, NY). All DNA samples and 6-mercaptohexanol (MCH) were 
dissolved in phosphate buffered saline (10 mM PBS, 500 mM NaCl, 2.7 mM KCl, pH 7.4) 
or 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid/sodium perchlorate 
(HEPES/NaClO4) buffer, and stored at 4 °C before use. Removal silicone tape (KRST) as 
solid support for wearable device was purchased from 3M (St. Paul, MN). 
 
5.2 INSTRUMENTS 
NMR spectra were recorded on Varian Direct Drive 400 MHz and Varian MR 400 
MHz instruments. High resolution electrospray ionization (ESI) mass spectra were 
recorded on an Agilent Technologies 6530 Accurate Mass QTofLC/MS apparatus. 
Modified oligonucleotides were synthesized by Expedite 8909 automated solid-phase 
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nucleic acid synthesizer. Determination of concentration of the oligonucleotides was 
performed by Nanodrop ND-1000 spectrophotometer (Wilmington, DE, USA). Cyclic 
voltammetry of compounds was performed on a CV-50W Voltammetric Analyzer 
(Bioanalytical Systems Inc., West Lafayette, IN). Square wave voltammetry and 
alternative current voltammetry of oligonucleotides were performed on a model CH 
Instrument 660E electrochemical workstation (CH Instruments, Inc., Austin, TX). Au 
electrode (1.2 mm in diameter) as the working electrode, a Ag/AgCl electrode as the 
reference electrode, and a platinum wire as the counter electrode were purchased from CH 
instruments, Inc. and used for conventional three electrode system unless otherwise noted. 
PAGE image was obtained using a Storm Scanner 840 instrument (GE Healthcare Life 
Science, Pittsburgh, PA).  
 
5.3 SYNTHETIC PROCEDURES AND CHARACTERIZATION 
Synthesis of compound 2.1 
To a suspension of ferrocenecarboxylic acid 2.9 (250 mg, 1.09 mmol) in anhydrous 
N,N-dimethylformamide (10 mL) was added propargyl amine (72 mg, 1.31 mmol) and 3-
(ethyliminomethyleneamino)-N,N-dimethylpropan-1-amine (EDC∙HCl) (418 mg, 2.18 
mmol). After stirring for four hours at ambient temperature, the mixture was diluted with 
ethyl acetate (50 mL) and washed with equal volumes of water (three times) and brine 
(once). The organic layer was then dried over anhydrous MgSO4 and the solvent was 
evaporated in vacuo. Silica gel flash column chromatography (eluent: EA/hexane (1:3 to 
1:1)), followed by evaporation in vacuo, gave 2.1 (262 mg) as an orange solid (90%). 1H 
NMR (400 MHz, CDCl3): δ 5.88 (s, 1H), 4.70 (t, J=1.3 Hz, 2H), 4.37 (t, J=1.3Hz, 2H), 
4.23 (s, 5H), 4.19-4.17 (m, 2H), 2.28 (t, J=1.7 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 
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170.3, 80.4, 75.1, 71.6, 70.8, 69.9, 68.3, 29.3. HR-ESI-MS: m/z 268.0425 (M + H)+ calcd 
for C14H14OFeN, found 268.0419. 
 
Synthesis of compound 2.2 
To a suspension of 2.1 (959 mg, 3.59 mmol) in anhydrous dichloromethane (40 
mL) was added aluminum chloride (AlCl3) (958 mg, 7.18 mmol). Acetic anhydride (332 
uL, 3.59 mmol) was then added to solution dropwise. After stirring for two hours at 0 °C 
to ambient temperature, the mixture was diluted with dichloromethane (100 mL) and 
washed with equal volumes of water (three times) and brine (once). The organic layer was 
then dried over anhydrous MgSO4 and the solvent was evaporated in vacuo. Silica gel flash 
column chromatography (eluent: EA/hexane (1:2 to 2:1)), followed by evaporation in 
vacuo, gave 2.2 (749 mg) as a red-orange solid (68%). 1H NMR (400 MHz, CDCl3): δ δ 
6.67 (t, J = 5.0 Hz, 1H), 4.81 – 4.72 (m, 2H), 4.72 – 4.64 (m, 2H), 4.56 – 4.49 (m, 2H), 
4.38 – 4.32 (m, 2H), 4.15 (dd, J = 5.5, 2.5 Hz, 2H), 2.38 (s, 3H), 2.26 (t, J = 2.5 Hz, 1H). 
13C NMR (101 MHz, acetone): δ 202.73, 168.97, 90.64, 80.16, 79.98, 73.75, 71.84, 71.34, 
71.27, 70.18, 29.19, 27.82. 
 
Synthesis of compound 2.3 
To a suspension of ferrocenecarboxylic acid 2.9 (5 g, 21.7 mmol) in benzene (100 
mL) was added phosphorous pentachloride (PCl5) (4.98 g, 23.9 mmol). After stirring for 
three hours at ambient temperature, the solution was evaporated in vacuo and the mixture 
was dissolved in acetone. Sodium azide (NaN3) (2.83 g, 43.5 mmol) in water (5 mL) was 
then added to the solution at 0 °C. After stirring for three hours at the temperature, the 
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mixture was poured into cold water to and filtered by Buchner filter to obtain 2.10 (4.50 g) 
as a red solid. (81%) 
Without further purification, 2.10 (500 mg, 1.96 mmol) was dissolved in dry 
toluene and the solution was heated to reflux under nitrogen gas. The solution was then 
cooled down to 60 °C and propargyl amine (251 L, 3.92 mmol) was added to the solution. 
After stirring for two hours at the temperature, the mixture poured into cold toluene to and 
filtered by Buchner filter to obtain 2.3 (466 mg) as an orange solid (84%). 1H NMR (400 
MHz, CDCl3): δ 5.22 (s, 4H), 4.69 (s, 6H), 4.07 (dd, J = 5.4, 2.5 Hz, 2H), 2.21 (t, J = 2.5 
Hz, 1H). 13C NMR (101 MHz, acetone): δ 81.51, 81.50, 70.76, 68.74, 63.60, 60.66, 60.58. 
HR-ESI-MS: m/z 282.04500 M+ calcd for C14H14FeN2O, found 282.04520. 
Synthesis of compound 2.4 
To a suspension of ferrocenemethanol 2.11 (3 g, 14.3 mmol) in anhydrous 
tetrahydrofuran (THF) (150 mL) was added sodium hydride (NaH) (1.14 g, 28.6 mmol) 
and propargyl bromide (3.10 mL, 28.6 mmol). After stirring overnight at ambient 
temperature, the mixture was diluted with ethyl acetate (250 mL) and washed with equal 
volumes of water (three times) and brine (once). The organic layer was then dried over 
anhydrous MgSO4 and the solvent was evaporated in vacuo. Silica gel flash column 
chromatography (eluent: EA/hexane (1:10 with 1% TEA)), followed by evaporation in 
vacuo, gave 2.2 (749 mg) as a yellow solid (81%). 1H NMR (400 MHz, CDCl3): δ 4.39 (s, 
2H), 4.26 (t, J=1.9 Hz, 2H), 4.18 – 4.16 (m, 2H), 4.15 (s, 5H), 4.12 (d, J=2.4 Hz, 2H), 2.45 
(t, J=2.4 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 82.26, 79.95, 74.39, 69.54, 68.64, 68.50, 
68.48, 68.46, 67.59, 56.44. 
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Synthesis of compound 2.5 
To a suspension of aminoferrocene 2.12 (700 mg, 2.61 mmol) in anhydrous 
acetonitrile (ACN) (18 mL) was added 4-bromo-1-butyne (490 L, 5.22 mmol) and 
potassium carbonate (K2CO3) (962 mg, 6.96 mmol). After stirring 24 hours at 85 °C, the 
mixture was diluted with ethyl acetate (50 mL) and washed with equal volumes of sodium 
bicarbonate (NaHCO3) solution (three times) and brine (once). The organic layer was then 
dried over anhydrous MgSO4 and the solvent was evaporated in vacuo. Silica gel flash 
column chromatography (eluent: EA/hexane (1:20 to 1:10)), followed by evaporation in 
vacuo, gave 2.13 (686 mg) as a brown-red solid (78%). 1H NMR (400 MHz, CDCl3): δ 
4.16 (s, 5H), 3.92 (s, 2H), 3.90 (s, 2H), 3.14 (s, 2H), 2.63 (s, 1H), 2.53 (td, J = 6.5, 2.6 Hz, 
2H), 2.10 (t, J = 2.6 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 82.16, 70.13, 68.14, 63.19, 
55.83, 45.70, 19.58. 
To a suspension of mono-substituted aminoferrocene 2.13 (170 mg, 0.67 mmol) in 
dimethyl sulfoxide (DMSO) (15 mL) was added methyl iodide (69 L, 0.74 mmol) and 
potassium carbonate (K2CO3) (93 mg, 67.2 mmol). After stirring 8 hours at ambient 
temperature, the mixture was diluted with ethyl acetate (25 mL) and washed with equal 
volumes of sodium bicarbonate (NaHCO3) solution (three times) and brine (once). The 
organic layer was then dried over anhydrous MgSO4 and the solvent was evaporated in 
vacuo. Silica gel flash column chromatography (eluent: EA/hexane (1:10)), followed by 
evaporation in vacuo, gave 2.5 (159 mg) as a red solid (89%). 1H NMR (400 MHz, CDCl3): 
δ 4.20 (s, 5H), 4.01 – 3.84 (m, 2H), 3.79 (t, J = 2.0 Hz, 2H), 3.09 (t, J = 7.4 Hz, 2H), 2.67 
(s, 3H), 2.53 (td, J = 7.4, 2.7 Hz, 2H), 2.04 (t, J = 2.6 Hz, 1H). 13C NMR (101 MHz, CDCl3): 
δ 113.79, 82.62, 69.53, 67.41, 63.44, 54.63, 53.57, 39.59, 17.04. 
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Synthesis of compound 2.6 
To a suspension of mono-substituted aminoferrocene 2.13 (686 mg, 2.71 mmol) in 
dichloromethane (DCM) (25 mL) was added acetic anhydride (326 L, 3.52 mmol). After 
stirring 2 hours at ambient temperature, the mixture was diluted with ethyl acetate (50 mL) 
and washed with equal volumes of sodium bicarbonate (NaHCO3) solution  (three times) 
and brine (once). The organic layer was then dried over anhydrous MgSO4 and the solvent 
was evaporated in vacuo. Silica gel flash column chromatography (eluent: EA/hexane (1:5 
to 1:2)), followed by evaporation in vacuo, gave 2.6 (670 mg) as a orange solid (84%). 1H 
NMR (400 MHz, CDCl3): δ 4.27 (s, 5H), 4.15 (s, 4H), 4.08 (t, J = 7.7 Hz, 2H), 2.68 (td, J 
= 7.7, 2.7 Hz, 2H), 2.03 (t, J = 2.7 Hz, 1H), 1.76 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 
171.74, 102.56, 81.63, 69.90, 69.38, 66.18, 65.61, 51.59, 22.47, 18.17. 
 
Synthesis of compound 2.7 
To a suspension of mono-substituted aminoferrocene 2.13 (269 mg, 1.06 mmol) in 
dichloromethane (DCM) (10 mL) was added trifluoroacetic anhydride (177 L, 1.28 
mmol). After stirring 2 hours at ambient temperature, the mixture was diluted with ethyl 
acetate (25 mL) and washed with equal volumes of sodium bicarbonate (NaHCO3) solution 
(three times) and brine (once). The organic layer was then dried over anhydrous MgSO4 
and the solvent was evaporated in vacuo. Silica gel flash column chromatography (eluent: 
EA/hexane (1:10)), followed by evaporation in vacuo, gave 2.7 (341 mg) as a orange solid 
(92%). 1H NMR (400 MHz, CDCl3): δ 4.32 (s, 5H), 4.24 (d, J = 7.7 Hz, 2H), 4.23 – 4.15 
(m, 4H), 2.77 (td, J = 7.7, 2.7 Hz, 2H), 2.09 (t, J = 2.7 Hz, 1H). 13C NMR (101 MHz, 
CDCl3): δ 140.29, 69.60, 67.18, 65.86, 54.95, 17.55. 
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Synthesis of compound 2.8 
To a suspension of bromoferrocene 2.14 (mg, mmol) in anhydrous diethylether (10 
mL) was added n-butyllithium (2.5 M sol. in hexane, 177 L, 1.28 mmol) dropwise. After 
stirring 1 hour at -78 °C, 3-butyne-1-sulfonyl chloride (177 L, 1.28 mmol) was added to 
the solution. After stirring another 1 hour at ambient temperature, the mixture was diluted 
with ethyl acetate (50 mL) and washed with equal volumes of sodium bicarbonate 
(NaHCO3) solution (three times) and brine (once). The organic layer was then dried over 
anhydrous MgSO4 and the solvent was evaporated in vacuo. Silica gel flash column 
chromatography (eluent: EA/hexane (1:5)), followed by evaporation in vacuo, gave 2.8 (41 
mg) as a brown red solid (8%). 1H NMR (400 MHz, CDCl3): δ 4.64 (t, J = 2.0 Hz, 2H), 
4.47 – 4.45 (m, 2H), 4.44 (s, 4H), 3.22 – 3.17 (m, 2H), 2.61 – 2.55 (m, 2H), 1.97 (t, J = 2.7 
Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 109.99, 86.01, 79.73, 71.40, 70.67, 69.85, 54.88, 
13.48. HR-ESI-MS: m/z 324.99560 (M + Na)+ calcd for C14H14FeO2SNa, found 
324.99540. 
 
Synthesis of DMT-protected 5-iodo-2'-deoxyuridine, 2.16 
To a suspension of 5-iodo-2'-deoxyuridine 2.15 (3.0 g, 8.47 mmol) in dry pyridine 
(50 mL) was added 4,4’-dimethoxytrityl chloride (3.25 g, 10.2 mmol). The mixture was 
stirred for three hours at ambient temperature. The reaction was quenched with methanol 
(50 mL) and the solvent was removed under reduced pressure. The residue was diluted 
with ethyl acetate (250 mL) and washed with equal volumes of saturated aqueous sodium 
bicarbonate (twice) and brine (once). The organic layer was then dried over anhydrous 
MgSO4 and the solvent was evaporated in vacuo. Silica gel flash column chromatography 
(eluent: EA/hexane (1:2 to 3:1)), followed by evaporation in vacuo, yielded 2.16 (4.34 g) 
as a pale yellow solid (78%). 1H NMR (400 MHz, CDCl3): δ 10.00 (s, 1H), 8.16 (s, 1H), 
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7.43-7.18 (m, 9H), 6.84 (d, J=8.8 Hz, 4H), 6.34 (dd, J1=3.8 Hz, J2=3.0 Hz, 1H), 4.57 (t, 
J=4.0 Hz, 1H), 4.15 (t, J=4 Hz, 1H), 3.76 (s, 6H), 3.47 (s, 1H) 3.41-3.34 (m, 2H), 2.57-
2.52 (m, 1H), 2.30 (q, J=5.5 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 160.6, 158.7, 150.5, 
144.5, 144.5, 135.6, 135.5, 130.2, 128.1, 127.1, 113.5, 87.1, 86.8, 85.8, 72.6, 69.0, 63.7, 
55.4, 41.5. HR-ESI-MS: m/z 679.0917 (M + Na)+ calcd for C30H29O7IN2Na, found 
679.0911. 
 
Synthesis of ferrocene-thymidines, 2.17 – 2.24 
General procedure: To a solution of 2.15 (500 mg, 0.762 mmol) in anhydrous N,N-
dimethylformamide (10 mL) was added Fc-alkynes 2.1 - 2.8 (0.914 mmol, 1.2 equivalent), 
tetrakis(triphenylphosphine)palladium(0) (132 mg, 0.114 mmol), copper (I) iodide (36.3 
mg, 0.190 mmol), and N-N-diisopropylethylamine (260 μL, 1.90 mmol). After stirring for 
six hours at ambient temperature, the mixture was diluted with ethyl acetate and washed 
with equal volumes of water (three times) and brine (once). The organic layer was then 
dried over anhydrous MgSO4 and the solvent was evaporated in vacuo. Silica gel flash 
column chromatography (eluent: EA/hexane (2:1) with 10% MeOH), followed by 
evaporation in vacuo, gave 2.17 – 2.24.  
2.17: An orange solid (74 %). 1H NMR (400 MHz, CDCl3): δ 9.36 (s, 1H), 8.07 (s, 
1H), 7.33-7.18 (m, 9H), 6.83 (d, J=9.2 Hz, 4H), 6.29 (t, J=4.4 Hz, 1H), 6.09 (t, J=3.3 Hz, 
1H), 4.60-4.50 (m, 3H), 4.27 (t, J=0.8 Hz, 2H), 4.14 (s, 5H), 4.11-4.06 (m, 2H), 4.03 (d, 
J=4.8 Hz, 1H), 3.75 (s, 6H), 3.34 (d, J=3.2 Hz, 2H), 3.22 (s, 1H), 2.53-2.48 (m, 1H), 2.26 
(q, J=5.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 170.5, 162.7, 158.5, 149.5, 144.6, 143.2, 
135.6, 135.6, 130.1, 128.1, 127.0, 113.4, 99.4, 90.1, 86.9, 86.7, 86.0, 75.1, 74.1, 72.1, 70.6, 
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69.8, 68.4, 63.7, 55.3, 41.5, 30.2. HR-ESI-MS: m/z 818.2141 (M + Na)+ calcd for 
C44H41O8FeN3Na, found 818.2135. 
2.18: An orange-red solid (90%). 1H NMR (400 MHz, CDCl3): δ 9.79 (s, 1H), 8.06 
(s, 1H), 7.44 – 7.17 (m, 9H), 6.83 (d, J = 8.9 Hz, 4H), 6.60 (s, 1H), 6.28 (t, J = 6.5 Hz, 1H), 
4.77 – 4.72 (m, 2H), 4.72 – 4.67 (m, 2H), 4.50 (d, J = 9.1 Hz, 3H), 4.32 – 4.28 (m, 2H), 
4.09 (qd, J = 18.2, 4.9 Hz, 4H), 3.75 (s, 6H), 3.56 (s, 1H), 3.34 (d, J = 3.6 Hz, 2H), 2.58 – 
2.51 (m, 1H), 2.33 (m, 4H). 13C NMR (101 MHz, CDCl3 δ 202.75, 168.56, 162.25, 158.52, 
158.50, 149.39, 144.50, 143.19, 135.54, 135.46, 129.99, 129.97, 128.03, 127.87, 126.97, 
113.33, 113.12, 99.32, 89.82, 86.91, 86.62, 86.04, 80.05, 74.12, 73.90, 73.87, 72.20, 71.97, 
71.16, 71.09, 69.96, 69.90, 63.63, 55.26, 53.42, 41.45, 30.13, 29.68, 27.68. 
2.19: An orange solid (69%) 1H NMR (400 MHz, CDCl3): δ 10.03 (s, 1H), 7.99 (s, 
1H), 7.44 – 7.11 (m, 9H), 6.88 – 6.74 (m, 4H), 6.23 (t, J = 6.6 Hz, 1H), 6.14 (s, 1H), 5.20 
(s, 1H), 4.44 (s, 2H), 4.23 (s, 5H), 4.15 (s, 1H), 4.06 (p, J = 3.2 Hz, 2H), 3.90 (t, J = 3.9 
Hz, 2H), 3.74 (s, 6H), 3.23 - 3.26 (m, 2H), 2.52 – 2.39 (m, 1H), 2.25 - 2.18 (m, 1H). 13C 
NMR: HR-ESI-MS: m/z 833.22450 (M + Na)+ calcd for C44H42FeN4O8Na, found 
833.22390.  
2.20: A yellow solid (64%). 1H NMR (400 MHz, CDCl3): δ 9.64 (s, 1H), 8.02 (s, 
1H), 7.45 – 7.17 (m, 9H), 6.84 (dd, J = 8.9, 1.6 Hz, 4H), 6.30 – 6.25 (m, 1H), 4.49 (s, 1H), 
4.28 – 4.08 (m, 8H), 4.01 (d, J = 3.7 Hz, 2H), 3.76 (d, J = 1.2 Hz, 6H), 3.35. 13C NMR (101 
MHz, CDCl3): δ 161.82, 158.63, 149.60, 144.61, 142.97, 135.62, 135.46, 130.08, 128.12, 
127.95, 127.03, 113.42, 99.91, 90.33, 87.06, 86.64, 86.01, 72.42, 70.13, 69.06, 67.76, 
63.70, 60.56, 57.08, 55.34, 41.49. 
2.21: An orange-red solid (47%).  
2.22: A yellow solid. 1H NMR (400 MHz, CDCl3): δ 9.24 (s, 1H), 7.92 (s, 1H), 7.48 
– 7.17 (m, 9H), 6.84 (d, J = 8.7 Hz, 4H), 6.29 (s, 1H), 4.48 (s, 1H), 4.31 – 4.04 (m, 10H), 
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3.96 (d, J = 15.8 Hz, 2H), 3.77 (s, 6H), 3.35 (s, 2H), 3.10 (s, 1H), 2.68 (s, 2H), 2.49 (d, J = 
9.5 Hz, 1H), 2.30 – 2.21 (m, 1H), 1.78 (s, 3H). 13C NMR: δ 161.68, 158.53, 149.35, 144.53, 
141.81, 135.55, 135.46, 129.98, 128.02, 127.90, 126.94, 113.30, 102.46, 86.91, 85.63, 
72.29, 69.43, 66.02, 65.57, 63.61, 55.23, 51.40, 41.21, 22.55, 19.22. 
 
Synthesis of thymidine phosphoramidites 2.23 – 2.30 
General procedure: To a suspension of 2.17 – 2.22 (0.250 mmol) in anhydrous 
dichloromethane (5 mL) was added N-N-diisopropylethylamine (88 μL, 0.500 mmol) and 
2-cyanoethyl N,N-diisopropylchlorophosphoramidite (112 mL, 0.500 mmol) at 0°C. The 
mixture was then allowed to warm to ambient temperature over the course of three hours. 
Most of the solvent was removed under reduced pressure and purification of the resulting 
mass by silica gel flash column chromatography (eluent: EA/hexane (1:1) with 0.1% 
pyridine), followed by concentration of the desired fraction in vacuo, gave 2.25 – 2.32.  
2.23: An orange solid. 31P NMR (162 MHz, CD3CN): δ 148.88, 148.85. HR-ESI-
MS: m/z 995.3322 M+ calcd for C53H58O9FeN5P, found 995.3314.  
2.24: An orange-red solid. 31P NMR (162 MHz, CD3CN) δ 147.99, 147.95.HR-
ESI-MS: m/z 1060.33210 (M + Na)+ calcd for C55H60FeN5O10PNa, found 1060.33070. 
2.25: An orange solid. 31P NMR (162 MHz, CD3CN): δ 147.94, 147.89 HR-ESI-
MS: 1033.33283 m/z (M + Na)+ calcd for C53H59FeN6O9PNa, found 1033.33250. 
2.26: A yellow solid. 31P NMR (162 MHz, CD3CN): δ 147.27, 146.93. HR-ESI-
MS: m/z 1005.3263 (M + Na)+ calcd for C53H59FeN4O9PNa, found 1005.3260. 




2.28: A yellow solid. 31P NMR (162 MHz, CD3CN): δ 148.60, 148.59. HR-ESI-
MS: 1046.35280 m/z (M + Na)+ calcd for C55H62FeN5O9PNa, found 1046.35090. 
 
Synthesis of modified oligonucleotides 2.31, 2.32, and HS-Fc-P 
Synthesis of modified oligonucleotide was performed on a nucleic acid synthesizer 
with a 0.2 μmol 3 ′ -thiol-modifier C3 S−S CPG support column. A standard 
oligodeoxynucleotide synthesis protocol was used except that coupling times were 
extended (to 15 min) and a more concentrated phosphoramidite solution (0.2 M) was 
employed with compound 1. The product was deprotected and purified using a Glen-Pak 
DNA Purification Cartridge, and the detailed procedure provided by the Glen Research 
Company (http://www.glenresearch.com/Technical /GlenPak_UserGuide.pdf). 
 
Synthesis of ratiomatric E-sensor oligonucleotide Probe P 
The phosphorylation of HS-Fc-P was performed in 1 mL of T4 ligase buffer (50 
mM Tris-HCl, 10 mM MgCl2, 1 mM ATP, 10 mM DTT, pH 7.5) solution containing 100 
μM HS-Fc-P and 50 μL of T4 PNK (10 000 units/mL). The mixture was incubated at 37 
°C for 3 h. The solution was then incubated at 65 °C for 20 min to denature the enzyme. 
After precipitation with ethanol, the DNA was dissolved in 90 μL of DI water. A G25 
column was used to remove residual salts, and 90 L of 558 M 5′-phosphorlyated HS-
Fc-P was obtained for subsequent ligation reactions.  
The MB-P and 5′-phosphorlyated HS-Fc-P was ligated together with T4 DNA 
Ligase. Four tubes were prepared with that contained 80 μM phosphorylated HS-Fc-P, 30 
μM MB-P, 30 μM Ligation-P, and 1× ligation buffer for a total of 100 μL per tube. These 
samples were incubated for 5 min at 80 °C and cooled down to 25 °C at a rate of 0.1 °C/s. 
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After this first incubation was deemed complete, 20 μL of 120 000 units of T4 DNA ligase 
in 1× ligation buffer was added to each tube for a total of 120 μL per tube. The reaction 
mixture was further incubated at 16 °C for 16 h, followed by incubation at 65 °C for 20 
min. After incubation, Probe P was purified on a 12% denaturing PAGE gel (7 M urea, 1× 
TBE), and its final concentration was confirmed by absorption determinations with a 
Nanodrop.  
Preparation of oligonucleotides with free thiol for SAM formation 
To cleave the disulfide bond on the modified oligonucleotide, the 3 μL of 
oligonucleotide solution in PBS or HEPES/NaClO4 buffer was mixed with 4.8 μL of 100 
mM tris(2-carboxyethyl)phosphine (TCEP), and this solution was incubated in the dark at 
room temperature for 1 h. Then, 12 μL of 2× PBS buffer and 4.2 μL of deionized water (DI 
water) were added to that solution and stored at 4 °C for further use.  
 
5.4 PROCEDURES OF ELECTROCHEMICAL ANALYSES 
Cyclic voltammetry for ferrocene bearing alkynes 
Cyclic voltammograms of compounds 2.1 – 2.8 (1 mM in dichloromethane) were 
measured with tetrabutylammonium hexafluorophosphate (0.2 M) as the supporting 
electrolyte. Glassy carbon and Pt used as the working and counter electrodes, respectively. 
Potentials were measured against a Ag/AgCl reference electrode with a scan rate of 25 
mV/s. All CV curves are attached in Appendix A. 
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Square wave voltammetry for oligonucleotides 
The Au electrode was polished with 1.0, 0.3, and 0.05 μm γ-Al2O3 and then washed 
ultrasonically with water for three cycles, followed by potential scanning in 0.1 M H2SO4 
between −0.2 and 1.6 V until a reproducible cyclic voltammogram was obtained. The 
electrode was rinsed with a copious amount of water and blown dry with nitrogen before 
assembly.  
The sensing platform was prepared by placing 4 μL of freshly prepared the 
oligonucleotides (2 μM) solution on the Au electrode and then covering the end of the 
electrode with a plastic cap to prevent the solution from evaporating. The assembly was 
kept 1.5 h at room temperature in the dark and then rinsed with PBS buffer several times.  
The interface was then covered with 5 μL of 1 mM MCH (in PBS) and kept at room 
temperature for 30 min. After rinsing with PBS buffer, the sensing platform was stored in 
PBS buffer for at least 20 min prior to experimental measurements. Initial SWV signals 
from the MB and Fc reporters on the oligonucleotides were measured in PBS.  Signals 
were then taken after 30 min of incubation with 50 μL aliquots of different concentrations 
of target oligonucleotides and other sequences, as described in the text. The SWV 
parameters adopted were as follows: Increment potential was 4 mV, amplitude was 25 mV, 
frequency was 50 Hz, and voltage range was from −0.4 to 0.7 V.  
SWV procedure for oligonucleotide 2.33, which is synthesized by post-synthetic 
modification, was exactly same with the general procedure except for the use of 
HEPES/NaClO4 buffer in storing, incubation, and analysis of the oligonucleotide instead 
of PBS.  
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Alternating current voltammetry for wearable devices  
The functioning area of the device (fabricated from Dr. Lu’s group) was rinsed with 
a copious amount of water and ethyl alcohol, and blown dry with nitrogen before assembly. 
Cyclic voltammetry or linear sweep voltammetry were performed in 5 mM 
K3Fe(CN)6/K4Fe(CN)6
 in PBS to test the electrode fabrication on the device.  
The sensing platform was prepared by placing 20 μL of freshly prepared thiol-
oligonucleotides (2 μM) solution on central Au working electrode area and then storing in 
conventional petri dish with high humidity to prevent the solution from evaporating. The 
petri dish was kept overnight at room temperature in the dark and then rinsed with DI water. 
The interface was then covered with 20 μL of 1 mM MCH (in PBS) and kept at room 
temperature for 4 h. 
After rinsing with DI water, about a half of the device, including all functioning 
area, was then immersed in PBS for 20 min prior to experimental measurements. After the 
device was connected to potentiostat via interface area, ACV signals from the MB on the 
oligonucleotides were measured. Signals from analytes were taken after 30 min of partial 
immerging in 5 mL aliquots of different concentrations of oligonucleotides or cocaine, as 
described in the text. Regeneration of the device is done by rinsing with copious amount 
of DI water for 1 min and further 20 min incubation in PBS. The ACV parameters adopted 
were as follows: Increment potential of 4 mV, amplitude of 25 mV, frequency of 100 Hz, 
and voltage range of −0.6 to 0.2 V. 
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